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The typical shear behaviour of rough joints has been studied under constant normal 
stress or zero normal stiffness boundary conditions (CNL), but recent studies have 
shown that this boundary condition may not replicate more practical situations, and 
that constant normal stiffness (CNS) is a more appropriate boundary condition to 
describe the stress-strain response of field joints. Unlike CNL conditions, a limited 
amount of data under CNS boundary conditions is available to date. In addition to the 
effect of boundary conditions, the shear behaviour of a rough joint also depends on 
its surface properties and initial stress acting on its interface. Despite this, exactly 
how these parameters affect the shear behaviour of joints is not fully understood 
because the stress-strain response of joints is governed by non-uniform asperity 
damage and the resulting gouge that accumulates on their interfaces. Therefore, an 
attempt has been made in this study to enhance our fundamental understanding of 
asperity deformation through a series of CNS shear tests that were conducted on 
replicas of three rough tensile (natural) joints at a range of initial normal stresses that 
varied from 0.4 to 1.6 MPa. 
Based on the laboratory investigation, a novel 3D characterisation method was 
proposed to quantify the role of the asperity damage and distribution of gouge 
material on the surfaces of rough rock joints under CNS direct shearing. A 3D laser 
scanner was used to digitise the joints, and characterisation was conducted based on 
the scanned models before and after the shear tests. This method demonstrated how 
zones of asperity damage are formed and gouge material is distributed onto the 




roughness, in terms of a colour spectrum and contour maps which show how the 
asperity heights deviate from the original profile. The results of this characterisation 
showed that the spatial distribution of asperity damage and gouge accumulation 
depended on the surface morphology and initial applied normal stress. The 
experimental results indicated that the response of rough joints under CNS boundary 
shearing was greatly affected by damage to the asperities, the extent of which 
increased with an increasing initial level of normal stress and joint roughness. The 
gouge material formed as a result of damage to the asperities slowed down any 
further damage, an effect that was more pronounced in less rough joints. 
This study also proposes a new analytical model to describe the complete shear 
behaviour of rough joints under constant normal stiffness (CNS) boundary conditions 
by incorporating the effect of damage to asperities. The effects of initial normal 
stress levels and joint surface roughness on the shear behaviour of joints under CNS 
conditions were studied in depth and the analytical model was validated through 
experimental results. Finally, the practical applications of the model to typical 
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1.1 BACKGROUND OF THE STUDY 
An appropriate evaluation of the shear behaviour of rock joints is vital, for instance 
when analysing the stability of rock slopes, designing excavations in jointed rock, 
assessing the stability of concrete dam foundations, and designing rock socked piles. 
In conventional studies, the shear behaviour of a joint is usually investigated in the 
laboratory under constant normal stress (CNL) boundary conditions where the 
normal stress remains constant and the surface of the joint dilates freely during 
shearing. However in engineering practice, the normal stress acting on the joint 
interface may vary during shearing, and the joint dilation may be constrained by the 
confined environment formed across the interface, which often represents a constant 
normal stiffness condition. The practical implications of this are movements of 
unstable blocks in the roof or walls of an underground excavation, reinforced rock 
wedges sliding in a rock slope or foundation, and the vertical movement of rock-
socketed concrete piles, as illustrated in Figures 1.1, 1.2 and 1.3, respectively. 
Several researchers have emphasised the fact that a constant normal stiffness (CNS) 
boundary condition is more appropriate for many field situations (Heuze, 1979; 
Leichnitz, 1985; Johnston et al., 1987; Ohnishi & Dharmaratne, 1990; Saeb & 
Amadei, 1990, 1992; Kodikara & Johnston, 1994; Indraratna & Haque, 2000; Jiang 
et al., 2004). The CNS boundary condition is usually simulated by a spring with a 
constant normal stiffness Kn = d𝜎n / d𝛿v where d𝜎n and d𝛿v are the changes in normal 
Chapter 1 Introduction 
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stress and normal displacement, respectively. The value of this constant normal 
stiffness Kn is externally controlled by applied reinforcement or the adjacent rock 
mass across the joint interface. 
 
Figure 1.1  Joint behaviour in the roof or walls of an underground excavation (after 
Indraratna et al., 1999). 




Figure 1.2  Behaviour of joints in a reinforced rock slope (inspired after Indraratna & 
Haque, 2000). 
In addition to the boundary normal stiffness imposed by the surrounding rock mass, 
there are other parameters that may affect the shear behaviour of rock joints, such as 
the joint surface roughness and strength, the level of initial normal stress acting on 
the joint interface, the presence of infill (gouge) material, and water in the joint 
interface. A considerable amount of work has been conducted to describe how these 
factors affect the shear behaviour of joints under constant normal stress or zero 
normal stiffness conditions (CNL), but only a few studies with limited experimental 
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data and analysis on the shear behaviour of joints under constant normal stiffness 
boundary conditions (CNS) are available as yet. 
 
Figure 1.3 Idealised displacement of pile socketed in rock (after Johnston et al., 
1987). 
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Apart from this boundary effect, the shear behaviour of rough rock joints is complex 
as the stress-strain response is governed by non-uniform asperity damage and gouge 
material that accumulates on the joint interfaces. To date, only a few studies have 
been devoted to studying the evolution of asperity damage and production of gouge 
on the joint surface due to the technical difficulty of experimentally measuring the 
rate of asperity damage and the production and distribution of gouge material. Some 
studies have attempted to characterise the asperity deformation directly onto the joint 
surface (Ladanyi & Archambault, 1970; Roko et al., 1997; Riss et al., 1997; Gentier 
et al., 2000; Homand et al., 2001; Grasselli et al., 2002; Yang et al., 2010). They 
indirectly appraise the asperity deformation by assessing the joint dilation angle 
(Plesha, 1987; Hutson & Dowding, 1990; Leong & Randolph, 1992; Lee et al., 2001) 
or mobilised friction angle (Barton, 1982), as well as provide insight to asperity 
deformation on the basis of numerical modelling (Karami & Stead, 2008; Asadi et 
al., 2012) during shearing. 
The above characterisation methods have many limitations, such as: (1) not capturing 
the distribution of gouge on the surfaces, (2) not capturing the depth of asperity 
damage and thickness of gouge, (3) does not include the influence that accumulated 
gouge has on the shear behaviour of joints, and (4) are not based on the CNS 
boundary conditions. For these reasons, a new technique to characterise asperity 
deformation is needed, not only to enhance our fundamental understanding of the 
shear behaviour of rough joints under CNS, but also to improve our knowledge of the 
hydromechnaical behaviour of joints. Furthermore, characterising the evolution of 
asperity damage and gouge accumulating on the joint surfaces is important for a 
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variety of fields, including applications in mining, tunnelling, petroleum engineering, 
rock slope engineering and earth sciences. 
Unlike CNL boundary conditions, only a few methods have been proposed to model 
the complete shear behaviour of rough rock joints under CNS conditions (e.g. Heuze, 
1979; Skinas et al., 1990; Saeb & Amadei, 1990, 1992; Indraratna et al., 1999). 
However, as Indraratna & Haque (2000) stated, most of these models can predict the 
shear behaviour of relatively simplified joint surfaces (e.g. saw-tooth profile), many 
may not incorporate the degradation of asperities properly, and they not easy to use 
in practice because of their complex nature. Therefore, it is the main objective of this 
study to develop a simpler and more efficient analytical model that can represent the 
shear behaviour of natural rough rock joints and be able to capture the asperity 
damage occurring under a CNS stress history. 
1.2 OBJECTIVES OF THE STUDY 
The main objective of this research is to study the shear behaviour of natural rough 
joints under constant normal stiffness CNS boundary conditions with an emphasis on 
the effect of asperity damage on the joint surfaces. An additional focus will be given 
to characterise the asperity deformation on the joint surface due to shear. The 
specific objectives of this study are highlighted below: 
 A comprehensive critical literature review of past research on the shear 
behaviour of rough natural joints, mainly focusing on constant normal 
stiffness (CNS) boundary conditions and joint surface characterisation 
methods such as roughness and asperity deformation. 
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 Laboratory investigation of the shear behaviour of rough natural joints with a 
range of initial normal stresses under constant normal stiffness (CNS) 
boundary conditions. 
 Development of a novel technique to characterise the evolution of asperity 
damage and gouge accumulation on the joint surfaces. This further enhances 
our fundamental understanding of joint surface degradation. 
 Development of a new analytical model to predict the shear behaviour of 
rough natural joints incorporating damage to the asperities under constant 
normal stiffness boundary conditions. 
1.3 ORGANISATION OF THE THESIS  
This doctoral thesis consists of 8 Chapters followed by a list of References and 
Appendices, including this Introduction (Chapter 1). 
Chapter 2 presents a critical literature review on the shear behaviour of rough joints. 
This chapter starts with a discussion of the factors the control the shear behaviour of 
rough joints. Subsequently, existing joint surface roughness characterisation 
methods, including joint surface measurement techniques and quantification 
approaches are briefly discussed in this Chapter. The highlights and limitations that 
existing methods have in characterising asperity deformation are also presented. 
Finally, a detailed review of the development of existing models that focus on CNS 
boundary conditions is also described. 
Chapter 3 describes the detailed experimental program undertaken to study the shear 
behaviour of rough natural joints. This chapter includes the preparation of joint 
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specimens, a brief description and modification of the large scale CNS direct shear 
apparatus, the current testing program and procedures, and also the data acquisition 
and process. 
Chapter 4 describes the joint surface characterisation methods used in this research. 
The 3D laser scanning system that was used to digitise the joint surfaces in three-
dimensions is also presented, and then the approach used to quantify joint surface 
roughness is also discussed. This Chapter presents a novel characterisation method to 
improve our understanding of the evolution of asperity damage and distribution of 
gouge material on the joint surfaces, followed by a discussion on the results of the 
proposed characterisation method. Moreover, asperity deformation is discussed on 
the basis of the dilation angle and mobilised friction angle. Finally, an evaluation of 
joint normal deformation characteristics is presented. 
Chapter 5 describes the experimental results of direct shear tests conducted on rough 
natural joints under constant normal stiffness (CNS) boundary conditions. The 
influence of initial normal stress and joint surface roughness on the shear behaviour 
of rough joints under CNS is discussed. Additionally, the variation of joint peak 
dilation rate, peak stress ratio, peak shear displacement and shear stiffness with 
respect to the initial normal stress and joint surface roughness are also discussed. 
Chapter 6 describes the conceptual development of a new analytical model that can 
predict the shear behaviour of natural rough joints whilst incorporating damage to the 
asperities under CNS conditions. Verification of the developed analytical model with 
experimental data is presented for three different types of rough joints. An evaluation 
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of model input parameters is also discussed and the model limitations are described 
at the end of the Chapter. 
Chapter 7 presents the practical applications of the developed analytical model. In 
this regard, rock slope stabilisation using untensioned grouted bolts was analysed, 
plus the stability analysis of a rock wedge formed on the roof of a tunnel. 
Chapter 8 presents the Conclusions of the current research findings, followed by 
Recommendations for future research. 




2 LITERATURE REVIEW 
2.1 INTRODUCTION 
The objective of this chapter is to review the different aspects that affect the shear 
behaviour of rough rock joints. The primary factors that affect the shear behaviour of 
rock joints are discussed in section 2.2. Several measurement techniques and 
quantification methods used to characterise joint surface roughness are discussed in 
section 2.3. The highlights and limitations of the existing methods used to 
characterise the asperity deformation during shearing are discussed in section 2.4. 
The brief discussions on the development of existing models used to predict the shear 
behaviour of joints mainly under CNS conditions are given in section 2.5. Finally, 
summary of literature review is given in section 2.6. 
2.2 FACTORS CONTROLLING THE SHEAR BEHAVIOUR OF ROCK 
JOINTS 
To accurately predict the shear behaviour of rock joints, many factors which control 
their shear response must be considered, but unfortunately they are often difficult to 
quantify and are often inter-related. A brief discussion on the selected parameters 
that affect shear behaviour is given in this section. 
2.2.1 Boundary normal stiffness 
As discussed in Chapter 1, the boundary conditions for rock joints vary according to 
the deformability of the surrounding rock; if the surrounding rock is deformable 
enough to allow joints to dilate without constraint, shearing will take place under 
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zero normal stiffness. This boundary condition is known as constant normal stress 
(CNL), where the boundary normal stiffness Kn = 0. However, in most field 
situations, such as underground excavations for example joint dilation is constrained 
by the surrounding rock mass which causes an increase in the normal stress acting on 
the joint interface. This condition is more often represented as constant normal 
stiffness (CNS) where Kn is equal to a constant. Boundary normal stiffness Kn may 
vary linearly or non-linearly from zero (i.e. CNL) to a maximum value 
corresponding to the stiffness of the intact/solid rock. Thus, Skinas et al. (1990) 
suggested the following equation for maximum boundary normal stiffness Kn,max: 





  (2.1) 
where, Er is the Young’s Modulus of rock mass, L is the length of a rectangular 
jointed block, c is the constant and v is the Poission’s ratio. 
The effect of boundary normal stiffness on shear behaviour has been studied by 
several researchers (Leichnitz, 1985; Johnston & Lam, 1989; Ohnishi & 
Dharmaratne, 1990; Skinas et al., 1990; Saeb & Amadei, 1992; Seidel & Haberfield, 
1995a; Indraratna & Haque, 2000; Jiang et al., 2004). It can be concluded from their 
test results that (1) the shear strength increased with an increase in normal stiffness 
Kn, and, (2) joint dilation reduced with the increasing of normal stiffness, Kn. 
2.2.2 Joint surface roughness 
It has long been known that the roughness of rock joints can have a significant 
impact on the hydraulic and shear strength characteristics of jointed rock masses. In 
most of early studies the roughness of joints was usually quantified as an effective 
dilation parameter i0 (i.e. the mean inclination angle of asperity) (e.g. Parton, 1966, 
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and Ladanyi & Archambault, 1970). However, joint roughness is much more 
complex due to the random and irregular shapes of the asperities, which may in turn 
be reduced with increasing shear displacement as the asperity damage progressively 
increases. Thus, the inclination angle of asperity will decrease as the shear 
displacement increases. To overcome these issues, Barton & Choubey (1977) 
introduced a joint roughness coefficient (JRC), a numerical index that ranges from 0 
(smooth ) to 20 (very rough). Many approaches have since been proposed to revise 
the JRC concept or develop new methods to quantify natural joint surface roughness. 
The approaches used to quantify joint surface roughness will be discussed in further 
detail in section 2.2. Many researches have been conducted to study the effect of 
joint surface roughness on the shear behaviour of joints under different boundary 
conditions (i.e. CNL or CNS), including Barton & Choubey (1977), Bandis et al. 
(1983), Ohnishi & Dharmaratne (1990), Skinas et al. (1990) Kodikara & Johnston 
(1994) and Indraratna & Haque (2000). They showed that joints with relatively large 
roughness exhibited higher shear strength and dilated more compared to low 
roughness joints, irrespective of the boundary normal stiffness. 
2.2.3 Joint surface strength 
Joint surface degradation may occur during the shearing, but this will depend mainly 
on the strength, size, and shapes of the asperities at the joint surface, and the stresses 
applied. As Barton & Choubey (1977) noted, the joint surface compressive strength 
(JCS) is the important parameter that controls the shear behaviour of joints rather 
than its tensile strength. They suggested that the JCS can be assumed to be the 
compressive strength of intact rock for fresh joint surface (i.e. no weathering), but for 
a weathered joint surface, the JCS should be evaluated with the Schmidt Hammer 
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Index Test. Based on the comprehensive test results they concluded that a weak 
rough joint surface (low JCS, high JRC) will suffer more damage during shearing 
than a strong smooth surface, and both will not dilate strongly while the surfaces 
with a high JCS and a high JRC will dilate strongly as soon as they reach peak 
strength. Bandis et al. (1983) later came to the same conclusions, so as a 
consequence, the compressive strength of the joint surface is the most important 
parameter in quantifying the peak shear resistance of rock joints (Barton, 1982; 
Plesha, 1987; Kulatilake et al., 1995; Indraratna & Haque, 2000). A few researchers 
(Fishman, 1990; Huang et al., 2002; Grasselli & Egger, 2003) believed that tensile 
failure rather than compressive failure plays a major role in damaging individual 
asperities, so the tensile strength of a joint surface may be a more important 
parameter than compressive strength. 
2.2.4 Initial normal stress 
As discussed above, the level of initial applied normal stress depends mainly on the 
asperity damage, so many researchers used the ratio of the initial normal stress to the 
compressive strength of joint wall, σn0/σc (σn0 = initial normal stress, σc = 
compressive strength of joint surface/intact rock) to study joint surface degradation 
(Barton, 1982; Plesha, 1987; Kulatilake et al., 1995; Indraratna & Haque, 2000). 
Many studies have focused on how the initial normal stress has affected the shear 
behaviour of joints under CNS boundary conditions (e.g. Leichnitz, 1985; Ohnishi & 
Dharmaratne, 1990; Indraratna & Haque, 2000). These studies showed that the joint 
dilation was observed to be greater under a low value of initial normal stress, and the 
asperities undergo significant damage at higher initial normal stress thereby 
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indicating a smaller joint dilation. However, the peak shear strength increased with 
an increase in the initial normal stress. 
2.2.5 Presence of infill material (gouge) 
Many natural joint surfaces are separated by material which may have originated 
from the joint surface itself due to subsequent tectonic actions and/or weathering, or 
they may have been transported by water flow. Infill material in the joint surface 
typically reduces the shear strength of the joint because of the low frictional 
properties of the infill material (Jaeger, 1971; Ladanyi & Archambault, 1977; de 
Toledo & de Freitas, 1993). However, researchers noted that the shear behaviour of 
infilled joints is generally controlled by parameters such as types of infill, the 
thickness of infill, the degree of saturation and infill overconsolidation, and the 
strength and roughness of the joint surface. The effect of infill thickness on the shear 
behaviour of joints has been comprehensively studied by researchers such as Ladanyi 
& Archambault (1977), Lama (1978), Phien-Wej et al. (1990), Papaliangas et al. 
(1993), de Toledo & de Freitas (1993), Indraratna & Haque, (2000) and Indraratna et 
al. (2005). They concluded that infilled joints with infill thicknesses that exceeded a 
critical t/a ratio of 1.5 (t-thickness of infill, a – mean asperity height), the influence 
of the asperities is suppressed, and the shear behaviour is influenced mainly by the 
infill. Indraratna et al. (2008) conducted a detailed study focused on how the degree 
of infill overconsolidation affected the shear strength of infilled joints. They stated 
that when the infill became overconsolidated (i.e. the overconsolidation ratio OCR) 
increased the peak shear strength of the infilled joint increased while the critical t /a 
value decreased. Indraratna et al. (2013) also showed that the shear strength of 
infilled joints increased with the decreasing degree of saturation in the infill. 
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2.2.6 Shearing rate 
Various studies have examined how the shearing rate affects the shear behaviour of 
rock joints. Crawford & Curran (1981) conducted a series of CNL direct shear tests 
on dry joint specimens under a range of normal loads at shearing rates ranging from 
0.05-50 mm/sec. Their study showed that the influence of rate of shearing varies, 
depending on the type of rock and the level of applied normal stress. The shear 
resistance generally decreased as the shearing rates for hard rocks increased, whereas 
the shear resistance increased up to a critical value of shearing rate for soft rocks, but 
after that it remained constant. Curran & Leong (1983) also showed that the 
frictional resistance under CNL depended on the shearing rate. Indraratna & Haque 
(2000) studied the shearing rate under CNS boundary conditions by conducting a 
series of tests on saw tooth model joints at shearing rates that varied from 0.35 to 
1.67 mm/min for the same initial normal stress of 0.56 MPa. They confirmed that the 
shearing rate influenced the peak shear strength of soft rock joints. Indraratna & 
Haque (2000) chose a shearing rate of 0.5 mm/min as the preferred value for their 
testing program. 
2.2.7 Scale effects 
Variations in the shear behaviour of joints with increasing scale has been studied 
experimentally by many researchers, including Pratt et al. (1974), Barton & Bandis 
(1980), Bandis et al. (1981) and Yoshinaka et al. (1993). Pratt et al. (1974) explained 
how the peak shear strength decreased with an increase in the size of a joint in terms 
of a reduction in the actual contact area. Bandis et al. (1981) also observed a 
reduction in peak shear strength, peak dilation and shear stiffness with increasing 
2.2 
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joint size in an extensive series of tests of replica rock joints. Although the peak 
shear displacement increased the scale of the joints increased, they stated that scale 
effects were more pronounced in rough undulating joints, but were minimised for 
planar joints. 
2.2.8 Degree of matching 
Zhao (1997a, 1997b) emphasised that the degree of joint surface matching was 
directly related to the mechanical and hydraulic properties of a joint, and indeed the 
results of his tests on various joints in granite showed that the peak shear strength of 
mismatched joint was much lower than a matched joint with the same roughness. 
However, the shear behaviour of a low rough joint is not affected by the degree of 
matching, and to account for this effect, Zhao (1997a) proposed a numerical index 
which he called the joint matching coefficient (JMC) to describe the degree of joint 
surface matching. For example, where JMC = 1 is a perfectly matched joint while 
JMC   0 is for a totally mismatched joint. This joint matching coefficient (JMC) was 
later implemented into Barton’s peak shear strength criteria (Zhao, 1997b). 
Moreover, Zhao (1997a) noted that the asperities of a mismatched rough joint are not 
interlocked as tightly as the matched ones, and therefore produce a relatively low 
shear stiffness compared to matched rough joint. He stated that the surfaces of a 
natural joint often do not match closely due to various geological processes such as 
weathering, shearing, and other forms of hydro-thermo-mechanical alterations, 
whereas a freshly induced tensile fracture can have closely matched surfaces. 
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2.2.9 Normal stress history 
The surfaces of most natural joints are not fully closed and degree of closure depends 
on the normal stress acting across them. Due to changes in the normal stress history 
across the joint interface, rough joints, particularly tension joints, can become 
mechanically over-closed (Barton, 1973). In order to study the effect of normal stress 
history on the shear behaviour of joints, Barton (1973) used the concept of an over-
consolidation ratio (i.e. OCR = σn0/σn1), which basically defined the ratio of normal 
stress acting on the joint plane before (σn0) and after (σn1) disturbance (i.e. 
construction). A set of over-consolidated direct shear tests performed on the tension 
joints clearly demonstrated that the peak shear strength of a joint increased with an 
increase in the OCR (Barton, 1973). More recently, Babanouri et al. (2011) also 
emphasised the importance of the over-consolidation ratio on rock joints. Their test 
results showed that shear parameters such as the peak shear strength, dilation, shear 
stiffness, and degree of asperity damage increased as the over-consolidation ratio 
increased, however, this degree of over-consolidation would depend on the 
engineering problem, the orientation of the critical joints set, and the magnitude of 
the horizontal stress (Barton, 1973). 
2.2.10 Presence of water  
The effects of water in rock joints has been studied extensively by Barton (1973) 
who concluded that most polished joint surfaces were either unaffected or had 
increased in shear strength when they were slightly wet, whereas the strength of most 
rough joints was reduced by the presence of water. This may be related to the 
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adverse effect that moisture has on the compressive strength of the brittle material 
which controls the shear strength of rough joints. 
2.3 JOINT SURFACE ROUGHNESS CHARACTERISATION  
It has long been recognised that the roughness of joints has a significant influence on 
the mechanical and hydraulic behaviour of jointed rock masses, which is why many 
researchers have attempted to establish a suitable and accurate method for 
characterising the roughness of rock joint surfaces. The main objective of this sub-
chapter is to appraise the existing surface measurement techniques and methods of 
quantifying joint roughness which have been used to characterise the roughness of 
joint surfaces. 
2.3.1 Measurement techniques 
A precise quantification of joint roughness is very important when predicting the 
dilation of joint(s) during shear and their subsequent shear strength, but accurately 
quantifying depends mainly on the measurement techniques selected. Many 
measurement techniques have thus far been used to measure joint surfaces, but they 
can generally be categorised into: (1) the contact approach, and (2) the non-contact 
approach (Feng et al., 2003). 
 Contact approach 
The contact approach requires that the apparatus physically contact the rock surface 
to record the measurements. In the following paragraphs, some of the contact 
measuring techniques are described based on their methods (i.e., linear 2D profile 
measurement or 3D surface measurements), principle, and data acquisition. 
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One of the most widely used techniques for measuring joint profiles is the stylus 
profilometry (Weissbach, 1978; Swan, 1983; Brown & Scholz, 1985; Kulatilake, 
1995), where a profilemeter containing a stylus is placed in direct contact with the 
joint surface, and the stylus measures the variations in surface height as a function of 
its lateral position. The measurement data can be either mechanically or 
electronically recorded to further analyse the roughness. The problem with this 
method is that in a field application it needs a fixed place for setting up. 
A different contact method of acquiring joint profiles is the shadow profilometry, 
originally proposed by Maerz et al. (1990). The principle of shadow profilometry is 
photographing the shadows cast by a straight edge onto a rock joint surface and then 
using image processing to obtain the joint profiles. The application of this method in 
both laboratory and in-situ was demonstrated by Maerz et al. (1990). 
ISRM (1981) suggested that if the direction of potential sliding is unknown, the 
roughness of a joint surface must be characterised in three dimensional (3D) rather 
than two dimensional (2D), which is why they recommended the compass and disc-
clinometer method proposed by Fecker & Rengers (1971) to measure the 3D 
roughness parameters of a joint surface. In this method a Clar compass attached to 
circular discs of different diameters is used to measure the dip direction and dip 
angle of the joint surface (see Figure 2.1a). These measurements can then be 
represented as poles on equal area nets for each disc (Figure 2.1b). From these plots, 
the maximum dip angle (i.e., roughness angle i) can be calculated for any direction of 
potential sliding (Figure 2.1c). 
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Rasouli & Harrison (2000) proposed two new methods of measuring joint surface 
roughness that were similar to the method used by Fecker & Rengers (1971); (1) a 
tangent plane sampling technique (Figure 2.2a) where an instrument with a smooth 
plane is placed into the rock surface to measure the heights of the first and end points 
of the plane, and (2) a connected pin sampling technique (Figure 2.2b), where an 
instrument with a moveable pin at each end measures the difference in height at a 
specific distance. 
 
Figure 2.1 Illustration of the compass and disc-clinometer method proposed by 








Figure 2.2 Surface sampling techniques (a) tangent plane and (b) connected pin (after 
Rasouli & Harrison, 2000). 
 Non-contact approach 
The non-contact approach uses a technique to capture the measurements without 
physically touching the joint surfaces, as described in the following paragraphs 
which are based on the (2D or 3D) measurement methods, the measurement 
principle, and data acquisition. 
In order to digitise a linear joint profile (2D), laser profilometry has commonly been 
used (Lee & Juang, 1991; Huang et al., 1992; Lee et al., 2001; Milne et al., 2009). 
This technique works on the same principle as stylus profilometry discussed 
previously, but with a laser displacement sensor replacing the stylus. The laser 
displacement sensor operates with a laser diode which projects a visible light spot 
onto the surface of an object and the light reflected from the spot is then imaged by a 
position sensitive element. If the light spot changes its position, this change is 
imaged onto the receiving element and then the relative distance to the surface is 
calculated. 
One of the earlier non-contact methods suggested by ISRM (1981) to measure the 
three dimensional roughness of a joint surface was using photogrammetry. It is 
simply defined as method of determining 3D data from two or more 2D images of a 
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scene (Birch, 2006). It works on the principle of identifying common points in each 
image and then projecting a ray into the scene from each point through the 
prospective centre of the camera to find the 3D location where these rays intersect. 
The use of photogrammetry for measuring joint surface roughness was first proposed 
by (Wickens & Barton, 1971) and then by (Jessell et al., 1995) and (Lee & Ahn, 
2004). 
In order to automatically capture the entire morphology of joint surfaces on the basis 
of a non-contact approach, a three dimensional laser scanning technique has recently 
been used by many researchers (Lanaro et al., 1998; Lanaro, 2000; Fardin et al., 
2001; Belem et al., 2007). In this technique, either a laser scanner mounted on a 
coordinate measuring machine (Figure 2.3a) or a specimen placed on an automatic 
positioning table (Figure 2.3b) is used to measure the desired space of the sample 
surface. The laser source of the scanner projects a defined length of laser stripe onto 
the surface of the object (rock surface). Either two or one charged–coupled device 
(CCD) cameras fixed with respect to the laser source collect images of the laser 
stripe traced onto the object. Since the distance between the laser source and CCD 
camera is known, the triangulation method and the digital image transformation 
method can determine the position of the points located across the laser strip. 
A different type of non-contact 3D measurement technique such as the advanced 
topometric sensor (ATOS) has been used to digitise the joint surfaces in order to 
measure the roughness of joint surfaces (Grasselli et al., 2002; Hong et al., 2006; 
Tatone & Grasselli, 2009). The ATOS technique is based on the triangulation 
principle used in the 3D laser scanner, but instead of a laser strip, the sensor unit of 
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ATOS projects different fringe patterns into the rock surfaces and then the images of 
these patterns are captured by two CCD cameras in which three dimensional 
coordinates are created using triangulation. 
 
Figure 2.3 3D-laser scanning system: (a) laser scanner mounted on coordinate 
measuring machine (after Lanaro, 2000), (b) specimen placed on positioning table 
(after Belem et al., 2007). 
2.3.2 Joint roughness quantification methods 
Barton & Choubey (1977) proposed a joint roughness coefficient (JRC) approach to 
quantify the surface roughness of rock joints where the roughness profiles were 
classified into 10 groups with a range of JRC values from 0 (smooth) to 20 (very 
rough) (see Figure 2.4). The JRC value was also recommended by both ISRM (1981) 
and ASTM (2008) and has been widely used in engineering practice to quantify rock 
joint surface roughness. 
As Barton & Choubey (1977) suggested, the joint roughness coefficient JRC can be 
quantified by visually comparing joint surfaces to the JRC standard profiles, or by a 
tilt test on the rough joint combined with a Schmidt Hammer Index test. In some 
cases the JRC value is also estimated by back analysing the shear test results. 
(a) (b) 
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The Equations (2.2) and (2.3) were used to estimate the JRC value of rough rock 
































  (2.3) 
where,  is the tilt angle, r is the residual friction angle, JCS is the joint 
compressive strength which can be calculated from Schmidt hammer index tests, 0n  
the is normal stress acting on the joint at tilt failure, b  is the basic  friction angle, R
is the Schmidt hammer rebound on a dry unweathered joint surface, and r is the 
Schmidt hammer rebound on a wet joint surface. 
The visual comparison method for estimating the JRC values of joint profile is 
subjective (Beer et al., 2002) and the back analysis of shear test results is not helpful 
for any prior estimation of the JRC (Grasselli & Egger, 2003). In order to overcome 
the subjective nature of using standard profiles, many researchers have attempted to 
establish correlations between the standard JRC values and the statistical and fractal 
parameters over the past several decades. 
 




Figure 2.4 Standard roughness profiles and corresponding range of JRC values 
associated with each one (after Barton & Choubey, 1977). 
2.3.2.1 Statistical method 
Many statistical parameters have been used to quantify joint roughness; and they 
either describe the magnitude of the roughness or the texture of the rough surface on 
a single profile or a set of parallel line profiles (i.e., traverse) (Reeves, 1985; Seidel 
& Haberfield, 1995b). Statistical parameters such as the centre-line average (CLA) 
and the root mean square (RMS) describe the magnitude of roughness. Alternatively, 
the other statistical parameters that define the texture of rough surface are the root 
mean square of first derivative (Z2), the root mean square of second derivative (Z3) 
and percentage excess of distance (Z4), the auto-correlation function (ACF), the 
structure function (SF), the profile roughness coefficient/index (Rp), and the surface 
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roughness coefficient (Rs). In the following paragraphs, the mathematical 
formulations and description of these statistical parameters are discussed. 
The centre-line average (CLA) is defined as the arithmetic average of the absolute 
values of the profile height deviations measured from the mean line, which is the 
reference line through the centre of the profile. Mathematically, CLA is given by 













where, L is the length of the profile, z is the height of profile from the mean line, and 
dx is the sample distance between two adjacent readings. 
Root mean square (RMS) is similar to CLA in that it characterises the mean profile 
height, but it defines the root mean square average of the profile height deviations 


















21  (2.5) 
(Myers, 1962) used RMS as a basic roughness characterisation to propose three other 
statistical parameters to describe the texture of rough surfaces, viz: Z2 (the RMS of 
the first derivative of the profile), Z3 (the RMS of the second derivative), and Z4 (the 
difference in length between where the slope of the surface is positive compared to 































































4  (2.8) 
where, xi = the i
th
 segment of L and      negativepositive xixiL  
Descriptions of texture are provided by the autoregressive characteristics of the 
surface expressed as the autocorrelation function (ACF), defined by Bendat & Piersol 
(1971): 










where,  xf is the amplitude of asperity height at the distance x along the length L, 
and Dx is a constant distance lag. 
Another statistical parameter proposed by Sayles & Thomas (1977) is the structure 
function (SF) which is used to quantify the variation in surface texture. Analytically, 
the following expression is given for SF: 










El-Soudani (1978) proposed two statistical parameters, namely Rp and Rs to describe 
the textual properties of rough surfaces in 2D and 3D respectively. The roughness 
profile index (Rp) is defined as a ratio of the true length of profile Lt to the nominal 
length Ln (i.e., length of projection of true profile on a reference line) and it is given 







R   (2.11) 
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Similarly, the roughness surface index (Rs) is defined as the ratio of true surface At to 








R   (2.12) 
Numerous researchers also investigated the applicability of these statistical 
parameters for quantifying the roughness of a joint surface or estimating the JRC 
(Wu & Ali, 1978; Tse & Cruden, 1979; Krahn & Morgenstern, 1979; Dight & Chiu, 
1981; Reeves, 1985; Maerz et al., 1990; Yu & Vayssade, 1991; Belem et al., 2000; 
Yang et al., 2001; Tatone & Grasselli, 2010). 
Tse & Cruden (1979) found that among the eight different statistical parameters (as 
mentioned above), two parameters Z2 (the root mean square of the first derivative of 
profile) and SF (structure function) are strongly correlated to the values of JRC, so 
they proposed the following empirical equations to estimate JRC: 
 2log47.322.32 ZJRC   (2.13) 
 SFJRC log58.1628.37   (2.14) 
Equation (2.13) has been widely used in literature to estimate the JRC, but Equation 
(2.13) has been reassessed by many researchers (Yu & Vayssade, 1991; Yang et al., 
2001; Tatone & Grasselli, 2010; Gao & Wong, 2013). Meanwhile, Z2 is considered 
to be better than SF because it is unitless (Kulatilake et al., 1995), but as Yu & 
Vayssade (1991) noted, the value of Z2 is sensitive to the sampling interval used to 
digitise the profiles. 
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Another correlation between the JRC and the roughness profile index (Rp) proposed 
by Maerz et al.(1990) is given by: 
  1411  pRJRC  (2.15) 
Equation (2.15) has been used in a few literatures to estimate the JRC. 
2.3.2.2 Fractal method 
The fractal theory introduced by Mandelbrot (1983) can quantitatively describe 
irregular objects at different scales. Thus, to overcome the scale effect in joint 
roughness analysis, there have been a number of studies which investigated the 
applicability of fractal theory to characterise the roughness of joint surfaces. The 
fractal dimension (D) is a fraction lying between the topological and Euclidean 
dimensions and it describes the jaggedness or degree to which the fractal function 
fills up the Euclidean space (Kulatilake et al., 1995). The fractal dimension of an 
object can range between topologic and the Euclidean dimensions. For example, a 
linear profile across a rough surface may have a D between 1 (the topologic 
dimension of the line) and 2 (the dimension of a Euclidian plane). Similarly, a rough 
surface may have a D between 2 and 3. 
Several researchers investigated the possibility of using the fractal dimension to 
quantify the rock joint surface roughness (Brown, 1987; Lee et al., 1990; Power & 
Tullis, 1991; Poon et al., 1992; Huang et al., 1992; Odling, 1994; Kulatilake et al., 
1995; Xie et al., 1999). When applying fractal geometry to a natural rock joint 
surface, the fractal can be self-similar or self- affine, but in essence, a self-similar 
fractal is a geometric feature that retains its statistical moments to all scales, whereas 
a self-affine fractal remains statistically similar only if it is scaled differently for the 
Chapter 2 Literature Review 
30 
 
profile in different directions. Extensive studies have shown that the self-affine 
fractal model is better suited to describe the natural rock joint surface (Brown, 1987; 
Odling, 1994; Kulatilake et al., 1995). 
Apart from the methods listed here, not many studies have been suggested to 
estimate the fractal dimension for a self-affine profile: the spectral method (Power & 
Tullis, 1991), the variogram method (Huang et al., 1992), the roughness length 
method (Malinverno, 1990), and the line scaling method (Matsushita & Ouchi, 
1989). Indeed, a few researchers have attempted to correlate the fractal dimension 
with JRC values in spite of assuming that a joint profile has self-similar properties 
(Carr & Warriner, 1989; Lee et al., 1990). 
Some of these methods should be treated with caution (Den Outer et al., 1995) 
because a different method can result in a significant difference in the numerical 
values of fractal dimensions (Huang et al., 1992; Hsiung et al., 1993). The selected 
input parameters for each method and the accuracy of surface measurement can 
impact the calculated fractal dimensions quite significantly. Moreover, few 
researchers (Kulatilake et al., 1995; Fardin et al., 2001; Kulatilake et al., 2006) have 
pointed out that the fractal dimension itself is not enough to quantify the rock joint 
roughness, it requires another scale dependent parameter as well. As a result there 
has been some controversy surrounding the suitability of fractal approaches for 
quantifying discontinuity roughness. 
2.3.2.3 Fourier method  
Fourier analysis is a natural tool for describing physical phenomena which are 
periodic in nature, such as the annual cycle of solar seasons, the monthly cycle of 
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lunar events, and other periodic events on time scales such as a pendulum or 
vibrating strings. The definition of a periodic function is when a continuous function 
f (t) varies periodically with time t with period T such that f (t+T) = f (t) for any value 
of t. The surprising fact is that the Fourier series as a tool for describing periodic 
events can also be used to describe non- periodic events. As an example, Fourier 
analysis has successfully characterised the non-periodic function such as metal 
surfaces in mechanical engineering (Raja & Radhakrishnan, 1977). Similarly, a 
natural rock joint profile is generally non -periodic in function and it can also be 
approximately modelled by Fourier series (Indraratna et al., 1995; Indraratna & 
Haque, 2000; Yang et al., 2010). 
Typical Fourier series used to describe rough joint profiles can be given by: 


































































































and where  xz  is the asperity height at any joint length x, L is the nominal length of 
the joint profile, and n is the harmonic number which is needed to accurately 
replicate the profile. 
To show the capability of the Fourier series in modelling rock joints, Indraratna et al. 
(2002) correlated Barton’s well known JRC standard joint profiles with Fourier 
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coefficients. In addition, Yang et al. (2010) have shown that the Fourier series can 
describe the primary and secondary roughness of a natural rock discontinuity profile. 
2.3.2.4 Contact area method 
Grasselli et al. (2002) emphasised that by evaluating the potential contact areas 
during shearing, the surface roughness of a joint can be modelled. Therefore, to 
determine the potential contact area they implemented the joint surface into a finite 
number of triangles and then calculated the orientation of each surface triangle based 
on the defined direction of shear, as shown in Figure 2.5. Furthermore, they proposed 
an apparent dip angle 
*  (i.e.,  tantantan *  ) based on dip and azimuth, 
which can be used to distinguish the fraction of the surface that is more steeply 
inclined and greater than the threshold values of 
* . This fractional area is defined as 
the total potential area *A  and it is given by the following empirical equation 



















where, 0A is the maximum possible contact area in the shear direction, 
*
max  is the 
maximum apparent dip angle, and C is a fitting parameter (i.e. roughness parameter) 
which can be calculated via a best-fit regression analysis. 
Grasselli et al. (2002) and Grasselli & Egger (2003) also stated that the ratio 
 C*max  describes the directional dependency surface roughness (i.e., surface 
anisotropy), which means it is a useful qualitative tool for to describe the joint 
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surface roughness where the potential direction of sliding is unknown (i.e., dam 
foundation). 
 
Figure 2.5 A schematic diagram illustrating the geometric definition of a digitised 
triangle such as an azimuth angle (α), a dip angle (θ), and an apparent dip angle (
* ) 
in relation to the defined shear direction (after Grasselli et al., 2002). 
Grasselli & Egger (2003) also suggested the following empirical equation to quantify 
the JRC value of a surface using the surface roughness parameters proposed in 
Equation (2.20) and the intact properties of rock: 
 




















where, b is the basic friction angle, α is the angle between the schistosity plane and 
the normal to the joint, 𝜎n is the applied average normal stress, 𝜎t is the tensile 
strength of intact rock, and 𝜎c is the compressive strength of intact rock.  
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2.4 EXISTING APPROACHES TO CHARACTERISE ASPERITY 
DEFORMATION DUE TO SHEARING 
The asperity damage and production of gouge material during joint shearing affects 
the joint behaviour, particularly the friction, shear strength and fluid transmissivity, 
because the gouge material induce lubrication and changes in the apertures as the 
gouge material settles (Jing & Stephansson, 2007). However, to date, only a few 
methods have attempted to characterise asperity deformation on the joint surface 
because directly measuring asperity damage and gouge production, including their 
distributions on the joint surface, is very difficult. However, the effect of asperity 
damage has been interpreted indirectly by assessing the result of a direct shear test 
(e.g. joint dilation). This section will discuss the highlights and limitations of the 
previous methods used to characterise asperity deformation due to shearing. 
2.4.1 Area comparison method  
Ladanyi & Archambault (1970) introduced the shear area ratio as in their peak shear 
strength criterion to account for the asperity damage that occurs during shearing. The 
definition of as given by them is the ratio of the projected area of asperity damage 
(As) on a reference plane to the total projected area of a joint surface on the mean 







a   (2.22) 
The ratio as (Equation (2.22)) appears as a basic tool to directly characterise the 
asperity damage on a sheared joint surface. On this basis, Homand et al. (2001) 
proposed a method to characterise the asperity damage on a sheared joint surface by 
Chapter 2 Literature Review 
35 
 
comparing the actual joint surface area prior to and after shearing. In their technique, 
a laser sensor profilometer was used to digitise the joint surface before and after 













































yxA  (2.23) 
where, x and y  are the sampling steps along the x and y axis, Nx and Ny are the 
number of measured points along the x and y axis and zi,j is the discrete values of the 
asperity height on the joint surface. 
Like the ratio as, Homand et al. (2001) suggested a parameter Dw which they called 
the degree of surface degradation, to characterise asperity damage with respect to the 
joint surface prior to shearing. However, Dw incorporates the total actual area of 
























tA 0 and 
c
ts
A are the actual composite surface areas (i.e., sum of the upper and 
lower surface) prior to and after the shear test respectively, and 
c
nA  is the composite 
nominal surface area (i.e., projection of joint surface onto the mean plane). 
Nevertheless, the method suggested by Homand et al. (2001) only focused on 
asperity damage in a two dimensional form (i.e. area of asperity damage zone), it was 
not considered to be the effect of gouge accumulation as a result of progressive 
asperity damage in the joint surface. 
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On the other hand, asperity damage on the sheared joint surface was directly 
characterised by visually comparing the photographs of the joint surface taken prior 
to and after shearing, and subsequently the asperity damage area ratio (as) was 
calculated by dividing the counted areas of white pixels (damaged zone) by black 
pixels (intact zone), as shown in Figure 2.6 (Yang et al., 2010). In order to visually 
trace the asperity damage area on the sheared joint surface, the joint surface was 
painted with the colour link prior to shearing. However, in this method, no attempt 
was made to distinguish the asperity damage and gouge accumulation. 
 
Figure 2.6 Asperity damage area ratio (as) of the joint specimens in residual states 
(after Yang et al., 2010) 
2.4.2 Geostatistical approach 
Roko et al. (1997) suggested a method based on a variogram for characterising the 
asperity damage on a sheared joint surface. As a key function in geostatistics, a 
variogram enables the spatial variability to be described, and the correlation between 
two observations taken at distinct points. Analytically, the variogram   ,h  is 
defined as: 
           2,,
2
1
,  hyxzyxzEh   (2.25) 
where,  yxz ,  is the asperity height at location  yx, ,     hyxz ,  is the asperity 
height at a radial distance h  in a direction   from  yx,  and E  is the expectation. 
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As suggested by Roko et al. (1997), the following properties of the variogram were 
used to characterise the joint surface prior to and after shearing: (1) the sill-the 
transitional limit beyond which the variogram stabilises, (2) range- the distance 
beyond which sample pairs (i.e.,  yx, ,     hyxz , ) no longer correlate with one 
another, and (4) the slope of the initial portion of the variogram. 
 
Figure 2.7 Experimental (dotted lines) and theoretical (solid lines) variograms for the 
joint surface (modified from Roko et al., 1997). 
In order to find these properties, an experimental variogram (Equation (2.25)) was 
calculated from joint surface measurements at the desired directions, and then fitted 
with theoretical variogram models (see Figure 2.7). Roko et al. (1997) emphasised 
that the still describes the anisotropic character of the surface whereas the slope of 
the initial part of the variogram describes the degree of roughness. They concluded 
that when asperities undergo significant damage, the value still and slope decreases 
and subsequently the smoothening effect increases in the joint surfaces. Although the 
overall surface deformation due to shearing was studied in this characterisation 
method, the asperity damage and gouge accumulation on the sheared joint surface 
were not quantified and their effects on shear behaviour were not studied. 
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2.4.3 2D image analysis 
Riss et al. (1997) initially proposed a method to characterise asperity deformation on 
the sheared joint surfaces based on an analysis of a 2D image of a joint surface 
before and after shearing. In this approach the location, size, and shape of the 
damaged areas were quantified using the image segmentation technique, which can 
be done by comparing the brightness of the image of a joint surface before and after 
shearing. Later, Gentier et al. (2000) also used this characterisation method to study 
the joint surface deformational character associated with different shear directions. 
Figure 2.8 shows the result of asperity damage characterisation based on 2D image 
analysis. However, no attempt was made in this method to distinguish the asperity 
damage and gouge accumulation, and their distribution, on the sheared joint surfaces. 
 
Figure 2.8 (a) Image and (b) result of image analysis of the sheared joint surfaces 
(after Gentier et al., 2000). 
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2.4.4 Method based on critical apparent dip angle 
As discussed in section 2.3.2.4, the apparent dip angle can be used as a 
characteristics parameter to describe the potential contact area of a joint surface prior 
to shearing. As a consequence, Grasselli et al. (2002) emphasised that the surface 
zones (i.e. asperities) facing the shear direction which are steeper than a threshold 
apparent dip angle (
*
cr ) undergoes damage due to shearing. Based on this 
hypothesis, Grasselli et al. (2002) computed the possible damaged area based on the 
*
cr  on the surface and then compared it with the image of the sheared joint surface 
shown in Figure 2.9. In this method however, the damage to asperities characterised 
in 2D (i.e. area of damage) and gouge accumulation on the surface were also not 
considered. 
 
Figure 2.9 Characterisation of the area damaged during the shear test: (a) predicted 
damaged area; (b) image of sheared joint surface (after Grasselli et al., 2002) 
2.4.5 Based on joint dilation  
Alternatively, asperity deformation has been indirectly characterised by assessing the 
variation of the dilation angle. Plesha (1987) proposed the following empirical 
equation to describe asperity damage through the decay of the dilation angle with 
shear displacement coupled with the energy principle: 
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  cW exp0  (2.26) 
where, 0 is the initial asperity angle, c  is the damage coefficient, and W is the work 
or energy dissipated by frictional sliding which can be obtained by integrating the 
hysteresis loop of shear stress and shear displacement curve. Soon after this proposal, 
many investigates attempted to improve this equation in various ways, such as (a) 
proposing a relationship between the damage coefficient c , and the applied normal 
stress and roughness (Hutson & Dowding, 1990), and (b) considering the second 
order of asperity profile (Lee et al., 2001). However, in these approaches the 
evolution of asperity damage and the formation of gouge were not directly associated 
with the strain energy of joint deformation. 
2.4.6 Based on roughness mobilisation 
Barton (1982) proposed a roughness mobilisation concept to account for the asperity 
damage that reduces the roughness of a joint surface upon shearing. Thus, the 
mobilised joint roughness coefficient JRCmob introduced by Barton (1982) can be 
used to describe the degree of asperity damage under constant normal stress 
boundary shearing to some extent. An analytical formulation of this concept will be 
discussed in detail in the next section, however, the influence of gouge accumulation 
on the shear behaviour of a joint was not included in this approach. 
2.4.7 Based on numerical simulation 
A more recent development of the numerical method in geomechanics led to the 
study and visualisation of the primary asperity failure mechanism under shearing 
(Karami & Stead, 2008; Asadi et al., 2012). Karami & Stead (2008) used a hybrid 
FEM/DEM numerical methods, which was implemented into the commercial 
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software Rockfield with ELFEN code, to simulate the primary progression of 
asperity damage on a joint surface under CNL loading. Similarly, Asadi et al. (2012) 
used a bonded particle model technique in a two-dimensional aspect (i.e. PFC 2D) to 
simulate the primary asperity degradation on joint surfaces. This numerical study 
mainly focused on the effects of applied normal loading and the degree of roughness 
and order of asperity profile on the primary asperity damage mechanisms. Figure 
2.10 shows the results of numerical simulations of the primary asperity damage 
mechanism under different applied normal stresses. However, the secondary failure 
mechanism of asperities as influenced by gouge was not incorporated in these 
studies, while the numerical simulations mainly focused on the regular joint profiles 
of not very complex natural joint profiles. 
 
Figure 2.10 Model of bonded particles (i.e. PFC 2D) simulations of asperity damage 
under the different applied normal loading (after Asadi et al., 2012). 
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2.5 EXISTING MODELS TO PREDICT SHEAR BEHAVIOUR OF ROCK 
JOINTS  
Numerous models that could predict the shear behaviour of rock joints under zero 
normal stiffness or constant normal stress (CNL) have already be proposed but only a 
few models could predict the shear behaviour of joints under constant normal 
stiffness (CNS), and then most were developed based on modifications to the 
existing models that predict the shear behaviour of joints under CNL. This section 
focuses mainly on the development of existing models under CNS, but it also 
discusses some well-known models based on CNL. 
2.5.1 Models based on CNL condition or zero normal stiffness 
2.5.1.1 Patton’s bilinear model (1966) 
Patton (1966) established a bi-linear peak shear strength envelope with a transition 
stress (𝜎T) to define the change of failure from an asperity sliding to an asperity 
shearing or damaged, as described in Figure 2.11. He verified this bi-linear model 
using the results of direct shear tests on artificial plaster joints with saw-tooth shaped 
asperities under constant normal stress (CNL) conditions. 
Mode 1: asperity sliding (pure sliding without damage) 
Joints dilated at low normal stresses (i.e., 𝜎n < 𝜎T), at an angle equal to the 
inclination of asperity i0 (i.e., i = i0). Equation (2.27) was originally proposed by 
Newland & Allely (1957) to describe of dilation of granular particles during shear. It 
predicted the peak shear strength of regular joint surfaces in the range of lower 
normal stress quite well. 
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  0tan ibnp    (2.27) 
where, 𝜏p is the peak shear stress, 𝜎n is normal stress, ϕb is the basic friction angle 
(friction angle of flat surface), and i0 is angle of inclination of the asperity. 
 
Figure 2.11 A bi-linear peak shear strength model (after Patton, 1966). 
Mode 2: asperity shearing or damage  
At higher normal stresses (i.e., 𝜎n ≥ 𝜎T), asperities are becoming damages and angle 
of dilation become smaller (i < i0). This dilation was entirely replaced by damage to 
the asperities at a high normal stress, which was greater than or equal to the transit 
normal stress (𝜎T). At this mode of failure, the peak strength envelope was replaced 
by the Coulomb liner criterion (Equation (2.28)). 
 rnrp c  tan  (2.28) 
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where, ϕr and cr are the Coulomb shear parameters related to the strength of the intact 
rock mass (asperity) at a residual stage. 
2.5.1.2 Ladanyi and Archambault’s nonlinear model (1970) 
Ladanyi & Archambault (1970) emphasised that asperity overriding/sliding and 
damage occurred simultaneously on the joint surfaces during shearing, so they 
proposed a non-linear peak shear strength model which was coupled to the asperity 
failure modes of sliding/overriding and damage. They explained the asperity sliding 
or overriding mechanism on regular triangular asperities by considering the energy 
principles which were originally proposed by Rowe et al. (1964) to describe the 
dilation of sand under direct shear conditions, thus,  
 321 SSSS   (2.29) 
in which, 
 peakvNS 1  (2.30) 
 fpeakvSS tan2    (2.31) 
 bNS tan3   (2.32) 
In the above, S is the total shear resistance during asperity sliding without damage, 
S1 is the component of external work done in dilating a joint against the normal force 
N, S2 is the component due to the additional internal work done against friction due 
to dilatancy, and S3 is the component work done due to internal friction if the sample 
did not change in volume during shear (with no dilatancy),   peak is the rate of dilation 
at peak stress ratio, ϕf  is the statistical average value of the friction angle, and ϕb is 
the basic friction angle. 
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In order to capture the asperity damage, they proposed an additional shear 
component which is similar to Patton’s bi-linear model, such that: 
 004 tan NsAS  (2.33) 
where, s0 and ϕ0 are Coulomb shear parameters related to the strength of the intact 
rock mass (asperity) at a residual stage. 
Based on the concept of asperity overriding and asperity damage occurring 
simultaneously, they considered that the asperities that were sheared off/damaged 
was only the portion As of the total projected/nominal area of the joint surface An, 
while the asperities sliding along their contact surfaces controlled the reaming 
portion [An-As], as shown in Figure 2.12. Therefore the total shear resisting force (S) 
would then be: 
    43211 SaSSSaS ss   (2.34) 
where, as is the ratio of the sheared area or damaged area that is also equal to the 
ratio of As/An. 
 
Figure 2.12 Defining the sheared/damage area ratio as (after Ladanyi & 
Archambault, 1970). 
𝛥As An 
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By substituting Equations (2.30)-(2.33) into Equation (2.34), and dividing all the 
forces by An, the peak shear strength of a joint with regular triangular asperities under 
CNL conditions is equal to 
 

















































  (2.37) 
In the above, 𝜎T is the transitional normal stress, i0 is the average angle of inclination 
of asperities in contact (dilation angle at zero normal stress), and k1 and k2 are 
empirical constants equal to 1.5 and 4.0, respectively.  
Ladanyi & Archambault (1970) also included the effect of normal stress (𝜎n) on joint 
dilation as well as joint roughness (Equation (2.37)) because it implies a reduction in 
the dilation rate at the peak stress ratio due to asperity damage. 
2.5.1.3 Barton empirical model (1976, 1982) 
Based on the numerous results of direct shear tests on samples of artificial tension 
joints under CNL conditions, Barton (1976) proposed the following empirical peak 





















 10logtan  (2.38) 
where, JRC is the joint roughness coefficient, JCS is the compressive strength of the 
joint surface (or wall) which is equal to the uniaxial compressive strength of the rock 
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(𝜎c) for a fresh joint surface (i.e., JCS = 𝜎c), ϕr is the residual friction angle of the 
joint surface which is approximately equal to the basic friction angle of the joint (ϕb) 
(friction of flat joint surface), and 𝜎n is the normal stress applied across the joint prior 
to shearing. An evaluation of the parameters JRC and JCS in the laboratory and in 
the field was explained by Barton & Choubey (1977). 
At low normal stress, Equation (2.38) followed a similar path to Parton’s model 
(Equation (2.27)) so the dilation angle at peak shear stress (or (𝜏/𝜎n) peak) ipeak can be 















10log  (2.39) 
As Barton & Choubey (1977) noted, based on the results of direct shear tests on 
artificial tension joints with a range of (JCS/𝜎n) between 4.1 and 125 reported by 
Barton (1976), the peak dilation angle tended to decline as a result of increasing 
asperity damage. Therefore, they proposed the following general equation to describe 




















where, M is the damage coefficient which has been given a value of 1 or 2 for 
shearing under low normal stress or high normal stress, respectively. 
Unlike Parton’s (1966) rigid asperity sliding concept, Barton (1976) suggested that 
joint dilation as the result of asperity sliding was affected simultaneously by asperity 
damage which is a function of the initial joint roughness and the ratio of uniaxial 
compressive strength to normal stress. In addition, Barton (1982) proposed the 
concept of a mobilised roughness to describe the pre-peak and post- peak shear 
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behaviour of rock joint under CNL condition. He introduced the mobilised roughness 
coefficient JRCmob which is considered empirically when mobilising the asperities 
and damage to asperities as a function of the normalised shear displacement 𝛿h/𝛿h-
peak, as shown in Figure 2.13. 
 
Figure 2.13 Recommended dimensionless model for generating realistic shear stress 
versus shear displacement (𝛿=𝛿h) plots for non-planner joints under constant normal 
stress (after Barton, 1982). 
 
The following key behavioural aspects are described in the order in which they 
occurred during the shearing event (Barton, 1982): 
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 Friction was mobilised as soon as shearing commenced 
 Joint dilation begins when the roughness (asperities) is mobilised (assumed 
at 𝛿h/𝛿h-peak = 0.3) 
 Peak strength is reached at JRCmob/JRC = 1.0 
 Dilation declines as the roughness reduces (i.e., increase in asperity damage) 
 Residual strength is reached after a large shear displacement ( e.g. 𝛿h ≈ 100 
𝛿h-peak) 















peakh  (2.41) 
where, L0 is the laboratory scale joint sample length and Ln is the field scale length of 
the joint. Using the values of JRCmob/JRCpeak in the table in Figure 2.13, the 





















 10logtan  (2.42) 
Similarly, dilation (i.e., normal displacement 𝛿v) can be obtained by following 
expression: 


















where imob is the mobilised dilation angle. 
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2.5.2 Model based on CNS condition 
2.5.2.1 Heuze’s (1979) analytical model 
Heuze (1979) suggested a three degree polynomial equation to describe the peak 
shear strength of a rough rock joint below the critical normal stress, beyond which no 
dilation occurred. Thus, the peak shear stress can be determined by: 
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𝜎cr is the critical normal stress, Cp is the apparent cohesion and ϕp is equal to the 
addition of initial dilation angle (at 𝜎n = 0) and residual friction angle. 










 tan  (2.46) 
where   rnn CBAi    21 32tan  
When 𝜎n > 𝜎cr, the peak strength was simply given by  
 rnpp C  tan  (2.47) 
And the residual shear strength 𝜏r was given by  
 rnr  tan  (2.48) 
Heuze (1979) emphasised that when joints begin to dilate, it is partially restrained by 
external normal stiffness applied across the interface of the joint, and thus the normal 
stress across the joint increased. Therefore, he used an analytical method to calculate 
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the incremental normal stress as a function of external boundary stiffness and the net 
results of joint closure under compression and opening during shearing. The concept 
of this analytical model is illustrated in Figure 2.14 and also briefly described 
hereafter. Based on the assumption of joint bi-dilation, the incremental normal stress 
(𝛥𝜎n) is formed by a positive dilation 𝛥𝛿v, which compresses the external constant 
stiffness spring whereas the increment of normal stress in the system tended to close 
the joint opening due to normal stiffness in the rock joint itself (kn). The equilibrium 
































  (2.49) 

























Using CNS condition, 
 vnn dKd    (2.52) 
















 tan  (2.53) 
















 tan  (2.54) 
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where Kn is the external constant normal stiffness, kn is the normal stiffness of the 
rock joint itself, 𝛥𝛿v is the increment of normal displacement, and 𝛥𝛿h is the 
increment of shear displacement. 
 
Figure 2.14 Conceptual model of dilatant joints (after Heuze, 1979). 
 
2.5.2.2 Saeb & Amadei’s (1990, 1992) graphical method and mathematical model 
2.5.2.2.1 Graphical method 
Goodman (1980) originally presented a graphical method of coupling closure and 
shear behaviour under constant normal stress or zero normal stiffness (CNL) for 
rough joints, while simultaneously analysing the dependent path where no dilatancy 
is permitted during shearing under normal controlled displacement or constant 
normal displacement, but it may be allowed during strictly CNS conditions. 
However, Saeb & Amadei (1990) emphasised that constant or variable normal 
stiffness boundary conditions are more likely to exist across joint surfaces in-situ 
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to predict the shear behaviour of rough joints under constant or variable normal 
stiffness boundary conditions by coupling the closure of joints at different shear 
displacement and shear behaviour under CNL. They used the curves in Figure 2.15 to 
plot the variation in joint normal stress 𝜎n versus joint normal displacement v for 
different values of shear displacement u which is shown in Figure 2.16. Each curve ui 
in Figure 2.16 was constructed using the values of 𝜎n and v at the points of 
intersection between the shear displacement lines ui and the normal displacement 
versus shear displacement curves shown in Figure 2.15c.  
The following remarks are made about Figure 2.16: 
 The curve u = u0 which represents the closure of mated joints (interlocked 
joints) under uniaxial compressive loading shown in Figure 2.15a.  
 Each curve u = ui (i = 1-4) represents the behaviour of the joint under normal 
compressive loading after being separated by a shear displacement equal to ui. 
 For the joint response shown in Figure 2.15c, all the curves ui (i >4) 
coincided with the curve u4, because there is no further dilation for shear 
displacement higher than u4. 
 All the curves ui approached the curve u0 as 𝜎n increased. 
 




Figure 2.15 The joint response curves for normal stresses 𝜎n ranging between 0 and 
20A (after Saeb & Amadei, 1990). 




Figure 2.16 Normal stress versus normal displacement at different shear 
displacement levels (after Saeb & Amadei, 1990). 
The above figures can be used to predict the shear behaviour of a joint for any load 
path. For example, in Figure 2.16 four distinct load paths that originated from point 
A are given, by assuming that a normal stress 𝜎n = 4A (A is an arbitrary stress) was 
applied prior to shearing. Under a constant normal stiffness Kn, the joint may follow 
the path AFGHI but it would follow the path ABCDE under a constant normal stress 
(Kn = 0) or AJKLM when no change in joint normal displacement was allowed (Kn = 
∞). Finally, the path ANPQR corresponds to a joint in a rock mass with increasing 
applied normal stiffness. In Figure 2.16, by recording the values of 𝜎n and u at the 
point of intersection of each path with curves ui and then using Figure 2.15b-c, the 
shear stress-shear displacement and dilation curves for 𝜎n = 4A can be constructed, 
and which are shown in dashed lines in Figure 2.15. 
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2.5.2.2.2 Mathematical model 
Saeb & Amadei (1992) stated that the total normal displacement of a joint v must be 
a function of the shear displacement u and the normal stress 𝜎n based on the previous 
graphical analysis. In order to describe this function, they proposed the following 
mathematical expression based on integrating the secant rate of dilation (Equation 
















where, 𝜎T is the transitional stress, which is treated as an independent constant 
obtained from experimental results, i0 is the initial dilation angle (the average 
inclination angle of asperities in contact), k2 is an empirical constant with a value of 
4, as suggested by Ladanyi & Archambault (1970). 
Prior to shearing (i.e. u = 0), the first term in Equation (2.55) vanishes and normal 
displacement becomes a function of normal stress (f (𝜎n)). As a consequence Saeb & 
Amadei (1992) claimed that (f (𝜎n)) describes the closure of a joint under increasing 
normal load, and then suggested that (f (𝜎n)) can be substituted into a hyperbolic 
equation proposed by Bandis et al. (1983) to describe the closure of a mated joint. 

























where, Vm is the maximum joint closure and kni is the initial normal stiffness of the 
joint. 
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By differentiating Equation (2.56) and then rearranging, the following incremental 























































Equation (2.57) relates to the change in normal stress to the changes in normal and 
shear displacement, which can be rewritten in a more compact form as: 
 dukdvkd ntnnn   (2.58) 
where, vk nnn    and uk nnt   . However, Equations (2.65) and (2.66) are 
only valid for 𝜎n/ 𝜎T < 1.  
In a similar way they proposed the following expression for shear stress because it 
depends on normal and shear displacement: 
 dukdvkd tttn   (2.59) 
where vktn    and uktt   . In order to evaluate these shear stiffnesses, Saeb 
& Amadei (1992) used the two basic models which were recommended by Goodman 
(1976) to represent the joint shear stress-shear displacement behaviour under 











































  (2.61) 
 rr uufor   (2.62) 




p  and r are the peak and residual shear stress and pu and ru are the peak 
and residual shear displacement. Using the chain rule of differentiation and equations 
(2.60), (2.61) and (2.62), they obtained vktn    and uktt    over the three 
regions of u for both models. 
By combining Equations (2.58) and (2.59), (Saeb & Amadei, 1992) suggested a 
general incremental formulation for the behaviour of rock joints under shear and 
































2.5.2.4 Skinas et al.’s (1990) model 
Skinas et al. (1990) indicated that modelling the complete shear behaviour of joints 
under constant normal stiffness requires a method that can predict the variations of 
dilation under changing normal stresses and shear displacements. 
Figure 2.17 graphically illustrates their approach; the right side of the figure contains 
two dilation curves that correspond to shearing under constant normal stresses 
(CNL), while the left side shows a trend of variation in normal stress with dilation 
for constant normal boundary stiffness. By assuming that point 1 on the dilation 
curve corresponds to 𝜎ni if the joint is sheared at a new position ui+1, normal 
displacement will increase to a value of vi+1 depending on 𝛥𝜎n. This new point (2) 
will refer to another dilation curve that corresponds to 𝜎ni+1 on the right side of the 
plot. The position of point 2 can be defined if the following conditions are satisfied: 
   11
*
1 tan   niiiii duuvv  (2.64) 
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  iinnini vvK   11   (2.65) 
A linear iterative procedure can be applied to Equations (2.64) and (2.65) to calculate 
point 2, but to determine the increment of dilation under constant normal stress 
conditions, Skinas et al. (1990) adopted the concept of mobilised dilation that was 
proposed by Barton (1982), thus: 
  mobnduv tan  (2.66) 
in which, 


















and where, M is the damage coefficient, JRCmob is the mobilised joint roughness 
coefficient, and JCS is the compressive strength of the joint wall. 
As Barton & Choubey (1977) suggested, the values of M at peak strength are equal 
to 1.0 and 2.0 for low and high normal stresses respectively, although Skinas et al. 
(1990) stated that M can reach a value of 5.0 in the post-peak range at high normal 
stresses. 
By combining Equations (2.64) and (2.67) the following expression is obtained: 


































where, the subscript m stands for mobilised and ui is the shear displacement. 






vK 1  (2.69) 
where An is the total area of the joint. 
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Finally, the mobilised shear stress at any stage of shearing under CNS can be  




























101 logtan  (2.70) 
where ϕr is the residual friction angle. 
 
Figure 2.17 The procedure for calculating modelling dilation under CNS (modified 
from Skinas et al., 1990). 
2.5.2.5 Seidel & Haberfield’s (2002) theoretical model  
Based on the comprehensive tests results on concrete/rock joints (Lam & Johnston, 
1989; Kodikara & Johnston, 1994; Seidel & Haberfield, 2002a), Seidel & Haberfield 
(2002b) recently proposed a theoretical model for predicting the pre-peak and post-
peak shear behaviour of soft rock/rock joints and concrete/rock joint under CNS. The 
key hypothesis of their modelling was that natural joint profiles (with complex 
geometry) could be idealised as a series of simple triangular asperities, and thus the 
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shear behaviour of the more complex profiles could be predicted from the models 
developed from triangular asperities.  
The tests on joint profiles with triangular asperities showed that shear behaviour 
involved two independent mechanisms; with initial sliding along the surface of the 
asperities and then simultaneous shearing through all the intact asperities (Seidel & 
Haberfield, 2002b). To begin with, the development of a triangular asperity model by 
Seidel & Haberfield (2002b) is briefly described as follows. 
 Asperity sliding  
In order to calculate the required average shear stress   for asperity sliding, Seidel & 
Haberfield (2002b) suggested the following equation, which is similar to the model 
of Patton (1966): 
    btan  (2.71) 
where  is the average normal stress applied to the joint, b is the basic friction of 
the joint, and  is the asperity inclination. 
 Asperity shearing 
Seidel & Haberfield (2002b) noted that as shear displacement progresses, the contact 
area between two surfaces of a joint is restricted to one asperity face, which 
gradually reduces. Thus, normal stress increases as a consequence of the reduced 
contact area as well as the results of an applied external normal stiffness. A critical 
normal stress is then reached where the asperity can no longer withstand and 
individual asperity failure/damage takes place. In addition, numerical simulations 
and video records of direct shear tests convinced them that a rotational asperity 
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failure occurred. This was in contrast to other models such as Patton (1966), which 
were based on planar failure surfaces. As a consequence, the shapes of the curved 
asperity failure led Seidel & Haberfield (2002b) to use slope stability methods in 
order to model the shear failure/damage of asperities of soft rock. They adopted a 
closed form solution for the failure of a weightless slope with a slope angle  in a 
c soil subjected to an inclined load, a method originally proposed by Sokolovsky 
(1960). 
2.5.2.6 Models developed at UOW 
Indraratna et al. (1999) also emphasised that accurately modelling joint dilation 
could result in good predictions of the shear behaviour of joints under constant 
normal stiffness (CNS) conditions, so they used the Fourier series to fit the exact 
joint dilation from test results. The typical Fourier series used in their study to model 
the dilation of joints with triangular shaped asperities as follows: 



































  (2.72) 
Where  
hv
 is joint dilation (normal displacement) with respect to the shear 
displacement at h , T is the maximum shear displacement, n  is the harmonic numbers 
related to the accuracy of fitting, and na  and nb are Fourier coefficients which can be 
determined based on experimental data. In order to determine the Fourier 
coefficients, Indraratna et al. (1999) used the numerical method by subdividing the 
dilation versus shear displacement curve into m equal parts and then using the 
rectangular rule, thus: 







































The change of normal stress is directly proportional to the change in joint dilation 
under CNS, so Indraratna et al. (1999) proposed that normal stress at a shear 










 0,0,  (2.75) 
where, 0n is the initial normal stress, hn, is the increment normal stress at a shear 
displacement h , k is the external applied normal stiffness (kN/mm),  
hv
  is the 
dilation corresponding to a shear displacement h given by Equation (2.72) and A  is 
the joint surface area. 
First, to predict the shear stress-shear displacement of joints under CNS, Indraratna 
et al. (1999) suggested a modified form of Patton’s (1970) model, thus: 
  hbhnh i  tan,  (2.76) 
where h is the shear stress at shear displacement h  and hi is the dilation angle at a 
shear displacement h . In Equation (2.76), hi was used to equal to 0i . Equation (2.76) 
could be rearranged by using trigonometric relationships such that: 
  
   





















  (2.77) 
Later, Indraratna & Haque (2000) adopted the concept of energy balance principles 
to model the shear response with shear displacement under CNS. As discussed earlier 
Chapter 2 Literature Review 
64 
 
in this Chapter, Ladanyi & Archambault (1970) initially explained the asperity 
overriding mechanism on regular triangular shaped rigid asperities by considering 
the energy balance principles as: 
 321 SSSS   (2.78) 
where S is the total shear resistance, 1S is the component of external work done in 
dilating against external normal stress, 2S  is the component of additional work done 
against internal friction due to dilatancy, 3S is the component of work done in 
friction if the sample did not change volume during shearing. 
Seidel & Haberfield (1995a) explained the similar energy balance involved when a 
joint was being sheared by incorporating asperity degradation. They stated that the 
component of 2S will only change as the relative dilation is reduced with shear 
displacement due to asperity degradation. Hence, 2S can be represented by
   bhiSS tantan2  . In order to satisfy the energy balance principle, the 
component 1S  was changed to  0,1 tan iS hn , so Equation (2.78) can be rewritten 
as: 
        bhnbhhn iSiS  tantantantan ,0,   (2.79) 
where, S can be substituted by h . By considering these modifications in the energy 
balance principles, Indraratna & Haque (2000) suggested a new form of shear stress 
equation coupled with Fourier coefficients: 
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Indraratna & Haque (2000) concluded that Equation (2.80) can predict the shear 
stress response with shear displacement for joints with regular triangular shaped 
asperities under CNS very closely, although Equation (2.77) yielded predictions that 
were closer to natural joints. Indraratna et al. (2010a) recently modified Equation 
(2.72) to include the Lanczos sigma factor in order to reduce the effect of Gibb’s 
phenomenon in Equation (2.72). 
2.6 SUMMARY 
As the non-contact technique for measuring the joint surface in three dimensional 
aspects, the 3D laser scanning system offers high precision and good repeatability, as 
well as being fast and easy to use in a laboratory or field. 
The joint roughness coefficient (JRC) is a widely accepted method for estimating 
joint roughness because it involves visually matching joint profiles with ten standard 
profiles. However, estimating the JRC values with a visual comparison technique can 
be subjective, which is why several approaches to correlate the JRC with the 
statistical roughness parameters and the fractal dimension have been attempted. Of 
these, the correlation between the statistical roughness parameter Z2 and JRC 
proposed by Tse & Cruden (1979) has been widely used in the literature. Although 
many methods have been suggested for estimating the joint surface roughness, they 
are yet to be applied in practice. 
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The previous direct methods of characterisation mainly focused on asperity damage, 
only a limited amount of attention was given to the accumulation and distribution of 
gouge on sheared joint surfaces and influence of gouge on the shear response of 
joint. Moreover, most of these direct methods only characterised the asperity damage 
features in two dimensions (i.e., the area of damage), rather than three dimensions to 
capture the depth of asperity damage and thickness of the accumulated gouge. 
The modelling methods proposed by Saeb & Amadei (1990, 1992) and Skinas et al. 
(1990) were based on an assumption that the shear behaviour of a rock joint is 
independent of the stress history, but as Indraratna & Haque (2000) noted, this 
assumption may not always be applicable because increasing normal stress during 
shearing may cause different levels of asperity damage along the joint interface. 
Although the models proposed by Heuze (1979), Indraratna & Haque (2000) and 
Seidel & Haberfield (2002b) included a dependence on the CNS stress path, they 
may not represent the true behaviour of natural joints because these models were 
only validated for synthetic joint surfaces with regular shaped asperities. 
Furthermore, as Indraratna et al. (2010b) suggested, in practice, a considerable 
number of Fourier coefficients are needed to accurately predict the shear behaviour 
of rock joints, and this is often cumbersome. 




3 CNS DIRECT SHEAR TESTING TECHNIQUE 
3.1 INTRODUCTION  
One of the main objectives of this study is to better understand the shear behaviour of 
rough joints under constant normal stiffness (CNS) boundary conditions whilst 
incorporating the effect of damage to the asperities. As discussed in previous 
Chapters, the CNS boundary condition is applicable for more in-situ conditions 
where the stability of the system is a primary concern (e.g. unstable blocks in a mine 
or tunnel roof). In order to assess the stability of these blocky systems, the shear 
strength of their joints should be properly estimated or predicted in advance. 
Therefore, to study the shear behaviour of joints under CNS, direct shear tests were 
conducted on three different replicas of rough tensile joints under CNS boundary 
conditions. The range of initial normal stresses used was between 0.4 MPa and 1.6 
MPa.  
This chapter describes the preparation of the joint specimen, a brief description and 
modification of the large scale CNS direct shear apparatus, the current testing 
programme and procedures, and also the data acquisition and process. 
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3.2 SPECIMEN PREPARATION  
3.2.1 Preparation of natural rough rock joint surfaces  
Three different types of sandstone blocks were used to prepare the surfaces of natural 
rough joints, and based on their appearance, they were denoted as SW, SR, and SY; 
where SW was fine and whitish grained, SR was medium to coarse and reddish 
grained, and SY was coarse and yellowish grained. Artificial rough joint surfaces 
were obtained by splitting the 300 mm long sandstone blocks into 150 × 150 mm 
square sections using an indirect tensile loading system as shown in Figure 3.1. After 
being split, the surfaces of the upper and lower specimens were trimmed to 120 × 
120 ×150 mm, and 120 × 120 ×100 mm, respectively. 
 
Figure 3.1 Splitting the sandstone blocks. 
Sandstone block 
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3.2.2 Selection of modelling material 
The main reason for making model specimens with an actual joint profile by 
indenting the modelling material was to ensure a sufficient number of reproducible 
test specimens, so that their behaviour can be compared at different stress regimes 
under CNS. Even if the original sample of sandstone had been tested, direct 
comparisons with the indented model specimens would not be appropriate because 
the stiffness, compressive strength, and other geotechnical characteristics of the 
natural sandstone and selected modelling material would not be the same, so to 
develop an analytical model, having reliable test data through a series of identical 
joint profiles was imperative. 
Researchers have used many kinds of materials to cast model rock joints, but as 
Indraratna (1990) suggested, gypsum based material is better suited for modelling  
sedimentary rocks, so in this study high strength gypsum plaster mixed with Portland 
cement was used as the modelling material. Moreover, this material is readily 
available, relatively inexpensive, it can be moulded into any shape when mixed with 
water, and its long tern strength is independent of time once chemical hydration is 
complete. Furthermore, the sandstone samples collected from Kangaroo Valley, 
Australia have a fine grained sand texture, and therefore the plaster joints used in this 
study are ideally suited as a model material.  
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3.2.3 Preparation of replicated natural rough rock joint specimens 
Moulds of the upper and lower surfaces of the artificial rough tensile rock joints were 
made by casting with thixosil (silicone rubber), because it can accurately reproduce 
the joint surface while offering sufficient strength and longevity. The procedure for 
making a rubber mould is illustrated in Figure 3.2. These moulds were then used to 
make replicas using high strength gypsum plaster that was mechanically mixed with 
water at a ratio of 7:2 by weight. The mixture of plaster and water was then poured 
into rectangular casting box in which the rubber mould was attached (see Figure 3.3), 
to cast the replicas. The casting box was vibrated mildly to release any air trapped 
during preparation and then specimens were left for an hour to harden before being 
removed from the casting box and cured at a controlled temperature of 45° C for two 
weeks, and then allowed to reach room temperature prior to testing. The upper and 
lower joint specimens were 120 mm long, 120 mm wide and 100 mm high, and 120 
mm long, 120 mm wide and 150 mm high, respectively. Hereafter, replicas of rough 
tensile joints from the SW, SR, and SY type sandstones are called RSW, RSR, and 
RSY, respectively. The upper and lower surfaces of the joint were matched well by 
casting, as shown in Figure 3.4. 




Figure 3.2 Reproducing the surfaces of tensile rough rock joints using Silicon rubber: 
(a) the lower surface of sandstone joint specimen placed into a steel box for 
moulding; (b) the liquid stage of Silicon rubber poured on top of the joint surface; (c) 
Rubber mould being cured; (d) the tensile joint surface of sandstone and its mould. 
 
Figure 3.3 Rubber mould attached to a steel box prior to casting. 




Figure 3.4 Tensile sandstone joints and their replicas. 
3.2.4 Mechanical properties of modelling material used to replicate rock  
Typical mechanical properties of intact rocks and joints used in an analytical or 
numerical modelling of shear behaviour of joint are uniaxial compressive strength, 
tensile strength, elastic modulus, Poisson’s ratio, and basic friction angle. These 
mechanical properties can easily be determined through the conventional laboratory 
tests suggested by the International Society of Rock Mechanics (ISRM). The 
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through uniaxial compressive tests, Brazilian tests and tilt table tests, and are then 
summarised in this section. The procedures and conditions for making specimens of 
these standard tests were similar to making replicated joint specimens (i.e., mixing 
ratio and curing period at controlled temperature). 
3.2.4.1 Uniaxial compression test  
Cylindrical specimens with a diameter of 54 mm and a length to diameter ratio of 2 
were prepared using gypsum plaster mixed with water. Prior to testing, the ends of 
each specimen were ground on a lap machine to ensure they were smooth and 
parallel. In order to measure the axial and lateral deformation, two strain gauges were 
attached to the periphery of the specimen, close to the mid-height and then connected 
to the digital data acquisition system. Figure 3.5 shows the test set up for the uniaxial 
compression test. The uniaxial compression tests were then conducted on the 
specimens according to the ISRM suggested methods (ISRM, 1981). An axial load 
was applied to the samples with the INSTRON (500 kN) universal testing apparatus 
equipped with a load sever controller until the samples failed. The average value of 
the uniaxial compressive strength of the model rock is given in Table 3.1. Figure 3.6 
shows some specimens that failed in the uniaxial compression tests. 




Figure 3.5 Testing set up for uniaxial compression test. 
 
     
Figure 3.6 Specimens after failure. 
The deformable parameters of model rock such as Young’s modulus and Poisson’s 
ratio were calculated from the stress-strains curves (see Figure 3.7) obtained in the 
uniaxial compression tests. The value of Young’s modulus Er was calculated using 
the average slope of the straight line portion of the stress- axial strain curves. The 
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average of value of Young’s modulus of model rock is given in Table 3.1. Similarly, 






v   (3.1) 
where am  is the slope of axial curve and dm  is the slope of lateral curve. The 
average value of Poisson’s ratio for the model rock is given in Table 3.1. 
 
Figure 3.7 Stress-strain curves for cylindrical model rock specimens in uniaxial 
compression. 
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Table 3.1 Mechanical properties of material used to model replicas of rough joints. 
Properties Value 
Uniaxial compressive strength, 𝜎c, MPa 65.6 
Young’s modulus, Er, GPa 19.3 
Poisson’s ratio, ν 0.24 
Tensile strength, 𝜎t, MPa 6.3 
Basic friction angle, 𝜙b, deg 30 
 
3.2.4.2 Brazilian test 
In order to determine the tensile strength of model rock, Brazilian tests (i.e. indirect 
tensile test) were carried out on circular disks whose diameters were approximately 
54 mm and their thickness to diameter ratio was approximately 0.5. Figure 3.8 shows 
the test set up used in this study. All the test procedures in this study were conducted 
according to the ISRM suggested methods that can be found in ISRM (1981). The 
tensile strength of each specimen tested in this study is summarised in Table 3.2 and 
its average value is also given in Table 3.1. 




Figure 3.8 Testing setup for Brazilian test. 
Table 3.2 Tensile strength of modelling material used to replicate rock. 









1 54.48 26.89 6.8 
6.3 
2 54.38 26.78 5.7 
3 54.24 26.90 6.5 
4 54.33 26.77 5.7 
5 54.07 26.84 6.3 
6 54.5 26.84 6.8 
7 54.47 26.76 6.0 
8 54.19 27.21 6.6 
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3.2.4.3 Tilt table test 
The basic friction angle of a rock surface is a key parameter in estimating the shear 
strength of joints for rock engineering projects. To date, a number of different 
methods have been used to estimate the basic friction angle in practice, but the tilt 
table test is a common technique that has been used to estimate basic friction angles 
in practice (Alejano et al., 2012), so it was also used in this study. In a tilt table test, 
the basic fiction angle of rock can be calculated by directly equating the average 
angle at which sliding begins due to tilting, as shown in Figure 3.9. 
 
Figure 3.9 Principle of tilt table test. 
Figure 3.10a shows a photograph of the tilt table testing apparatus which was 
designed and built at the University of Wollongong. This apparatus consists of a 
plane tilting surface which can be inclined with an electric motor. In order to get 
planar surfaces, all the specimens were cut with a diamond saw blade. Tilt table tests 
were then conducted on dry saw cut planar surfaces to measure the basic friction 
β 
β = ϕb, 
 
β= tilt angle 
ϕb = basic friction angle 
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angle of model rock, as shown in Figure 3.10b. The average basic friction angle of 
model rock from 10 tests is given in Table 3.1. 
 
Figure 3.10 (a) Tilt table testing apparatus used in this study and (b) preparation for 
tilt test. 
3.3 CNS DIRECT SHEAR APPARATUS 
The importance of CNS boundary conditions in investigating joint shear behaviour 
has been discussed in previous Chapters, but the normal stress can vary for 
geotechnical problems such as, (a) rock blocks sliding in an underground excavation, 
(b) reinforced wedges sliding downslope, and (c) vertical displacement of a rock-
socketed concrete pile. For this group of problems, a CNS boundary condition is 
more appropriate for direct shear testing (Leichnitz, 1985; Johnston et al., 1987; 
Ohnishi & Dharmaratne, 1990; Skinas et al., 1990; Jiang et al., 2004). 
(a) (b) 
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In order to investigate the shear behaviour of soft rock joints and infilled joints under 
CNS boundary conditions, a large scale direct shear apparatus was designed and built 
by Indraratna et al. (1997) at the University of Wollongong. This apparatus was 
improved with a new and advanced servo-controller which increased its reliability 
and applicability of testing in this study. Indraratna et al. (1999) have already 
described the CNS direct apparatus in detail, so only a summary and description of 
the modifications are given below. 
3.3.1 New modification of CNS direct shear apparatus 
Figure 3.11 shows a photograph of the CNS direct shear testing apparatus. The new 
servo-controller (see Figure 3.11 ) increased the accuracy of data acquisition, 
enhanced the safe operation of this apparatus, and enabled the rate and direction of 
shearing to be controlled more accurately. Feedback from the servo-controller is 
connected directly to the digital data acquisition system to collect test data such as 
the shear and normal loads and the corresponding displacements. An outline of the 
fundamental hardware arrangement of this apparatus is shown in Figure 3.12 and is 
described in the following sections.  




Figure 3.11 Photograph of the large scale CNS direct shear apparatus with recent 
modification  
  




Figure 3.12 Schematic diagram of the CNS direct shear apparatus. 
3.3.2 Large scale shear boxes 
As shown in Figure 3.12, the shear box unit in the CNS apparatus consists of an 
upper and lower box. In order to simulate a constant normal stiffness boundary 
condition, four springs with equal stiffness were placed on top of the upper box. The 
upper box has one degree of freedom which allows for displacement in the vertical 
direction while its stiffness remains constant. The lower box is fixed to a rigid base 
through bearings and can only move horizontally. This shear box can accommodate 
specimens between 120 mm and 250 mm long, but to minimise the scale effect on 
the shear behaviour of joint, 120 mm long specimens were used in this study. 
1. Lower shear box 
2. Upper shear box 
3. Rollers bearings 
4. Fixed frame 
5. Load cell 
6. Hydraulic cylinder 
7. Servo valve 
8. LVDT 
9. Constant stiffness spring 
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3.3.3 Loading mechanism 
Both shear and normal loads were applied by hydraulic jacks equipped with a servo 
controller unit, whereas the initial normal load was applied through a set of four 
springs with an overall stiffness of Kn = 8.0 kN/mm (= 0.56 MPa/mm for a joint area 
of 120×120 mm
2
) (Figure 3.12). This value of Kn corresponds to weathered and 
jointed sandstone and shale from Kangaroo Valley, Australia (Indraratna et al., 
1999). Normal and shear loads were measured through calibrated load cells with 
capacities of 180 kN and 120 kN, respectively. Because the new servo unit is 
equipped with a strain (displacement) controller, the rate and direction of shear 
movement can easily be defined prior to shearing and it can be monitored throughout 
the test.  
3.3.4 Displacement measurement system 
Normal and shear displacements were measured and monitored through two linear 
differential variable transformers (LDVTs), one being attached to the top of the 
upper shear box and the other to the lower shear box, respectively (Figure 3.12). 
Displacements can be measured with an accuracy of ±1 µm. In order to control the 
shear movement, the LDVT attached to the lower shear box was also connected to a 
displacement servo controller unit so that the measurements could be sent to a digital 
data acquisition system. However, the LDVT attached to the top of the upper shear 
box was connected directly to a digital data acquisition system. 
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3.4 TESTING PROGRAMME 
The purpose of these tests was to study the asperity damage that occurred on the 
surface of the joint during monotonic shearing under CNS boundary conditions. It 
has been shown previously that asperity damage decreases the roughness of the joint 
surface and eventually leads to a residual state (Barton & Choubey, 1977; Barton, 
1982). Therefore, characterising the surfaces of the rock joint before and after 
shearing for a given initial normal loading could reveal the influence of asperities 
damage on the shear behaviour of rock joints. However, reaching a true residual state 
in a monotonic direct shear test is constrained by the limited directional shear 
movement of 20 mm permissible in the CNS apparatus. In the case of CNS direct 
shearing, the normal stress acting over a rock joint during shearing is not constant, it 
is constrained by dilation, and therefore it was assumed that in the current test set up, 
three initial normal stresses would be sufficient to reach a quasi-residual condition 
for each shearing. The initial applied normal stress sequence used was σn0 = 0.40 
MPa, 0.80 MPa, and 1.60 MPa. A fresh specimen was sheared up to 15 mm at a 
constant shearing rate of 0.5 mm/min at each initial normal stress. The sampling 
interval for measurements should be enough to capture the load displacement 
response. For this study, the sampling interval for each measured parameter such as 
shear and normal loads, together with shear and normal displacement, was 1 sec. 
Before and after shearing, both the upper and lower specimens were scanned to map 
the joint surfaces, and this scanning procedure will be explained in Chapter 4 in 
detail. Each shear test was repeated twice as a minimum to ensure reliability of the 
measured data. 
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3.5 CNS DIRECT SHEAR TESTING PROCEDURE 
To obtain reliable test results, all possible sources of error were carefully eliminated. 
The CNS direct shear test procedures involved in shearing a specimen are briefly 
described as below. 
3.5.1 Setting-up of specimens in the shear boxes 
When the cured upper and lower specimens attained room temperature, they were 
placed inside the upper and lower shear boxes and secured in place by adjusting the 
screws. The lower shear box was then placed inside the lower box holder in the CNS 
apparatus and then the upper shear box was inserted into the upper box holder and 
screwed tightly with the top plate. At this stage, the specimens were fixed to the CNS 
apparatus but were not in contact with each other. For a testing condition, they must 
be closely mated beforehand, and to achieve that the lower shear box was moved 
forwards or backwards with the servo controller. Finally, a set of four springs that 
represented the constant normal stiffness boundary condition, were placed above the 
upper shear box. 
3.5.2 Application of normal load 
A normal load was applied through the hydraulic jack using an electric pump until 
the specified initial normal load was attained. The digital strain meter fitted onto the 
normal load cell indicated the current normal load. At the same time the LVDT 
placed on top of the upper shear box indicated a stable reading once the specimen 
became lightly consolidated under an initial normal stress 0n . The initial applied 
normal stresses used in this study were 𝜎n0 = 0.40 MPa, 0.80 MPa, and 1.60 MPa. 
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3.5.3 Application of shear load 
After normal displacement had stabilised under the initial normal stress, the 
specimen was sheared at a shear displacement rate of 0.5mm/min; each specimen 
was sheared at this rate. In order to achieve a quasi-residual condition, a joint 
specimen was sheared up 15 mm (i.e. 12.5 % of the total nominal length of the 
specimen). The start and end positions of shearing together with rate of shearing 
were set via the touch interface on the servo-controller (Figure 3.11). After shearing 
ended, the test specimen was returned to its initial position with no contact allowed 
on the joint surfaces during resetting. 
3.6 DATA ACQUISITION AND PROCESS 
All the measuring devices and the controlling device (i.e., servo controller) attached 
to the CNS apparatus were connected to a computer through a 12 channel data logger 
(DT 800). This configuration allowed data to be automatically monitored in real time 
during testing and then logged and saved in Microsoft excel data format for further 
processing. The test results were processed based on the assumption that the normal 
load and shear load acted uniformly on the whole joint surface. In calculating the 
shear stress  and normal stress n with any shear displacement h , the following 







  (3.2) 











  (3.3) 
where S  is the shear load at any shear displacement h , N is the normal load at any 
shear displacement h , L is the length of the specimen, and B  is the width of the 
specimen. 
3.7 SUMMARY 
This chapter discussed a technique for preparation of the joint specimen, recent 
modification and description of the large scale CNS direct shear apparatus, the 
current testing programme and procedures, and also the data acquisition and process. 




4 CHARACTERISATION OF JOINT SURFACES 
4.1  INTRODUCTION 
As discussed in Chapter 2, a non-contact method in advanced 3D laser scanning is 
the fastest and the most advanced technique for measuring the joint surfaces in the 
laboratory or the field. For this reason a 3D laser scanning system was used to 
digitise the joints, which were then characterised based on the models scanned before 
and after shear tests. The results are discussed in this chapter. Joint roughness is a 
fundamental component of joint shear behaviour, so having a suitable method to 
characterise surface roughness is vital. The approach used to characterise roughness 
prior to shearing was adopted in this research and is discussed in this chapter. 
The shear behaviour of rough rock joints is complex as the stress-strain response is 
governed by non-uniform asperity damage and gouge material that accumulates on 
the joint interfaces. The deformational mechanisms of joints should be studied and 
quantified to facilitate a realistic mathematical framework for joint shearing which 
captures this phenomenon. This study proposes a new 3D characterisation method to 
improve our understanding of the asperity damage and distribution of gouge material 
on the surfaces of rough rock joints under Constant Normal Stiffness (CNS) direct 
shearing. In addition, asperity deformation is discussed based on the variations in the 
dilation angle (i) and the mobilised friction angle (𝜙mob). 
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For modelling purposes, compression tests were conducted to evaluate the normal 
deformation characteristics of joints. This is also discussed in this chapter. 
4.2 THREE DIMENSIONAL (3D) DIGITISATION OF JOINT SURFACES 
4.2.1 3D laser scanning system 
It was concluded in Chapter 2 that an advanced 3D laser scanning system had more 
advantages over other conventional surface digitisation methods so a 3D laser 
scanner (Minolta vivid 910) was used in this study to digitise the joint specimens 
before and after shearing. A schematic diagram of the 3D laser scanning system is 
shown in Figure 4.1 and its technical specifications are summarised in Table 4.1. The 
accuracy of this 3D laser scanning system is comparable to others used in automotive 
industry, surface material engineering and for characterizing rock surface roughness 
(Lanaro, 2000; Grasselli et al., 2002; Bi & Wang, 2010). The scanner uses laser 
beam light sectioning technology to scan the undulating surface of the specimen 
through a laser producer. A plane of laser light is swept vertically across the field of 
view by a Galvano mirror and the reflected light from the surface of the specimen is 
then received by an internal Charge Coupled Device (CCD) camera. The laser 
triangulation principal is then used to calculate the 3D coordinates and subsequently 
create a 3D model of the object. 




Figure 4.1 Schematic diagram of the 3D laser scanning system. 
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Table 4.1 Specifications of camera type 3D scanning system (vivid 910). 
Item Specification 
Light receiving lenses Tele 
1
 
Scanning mode Fine 
2
 
Measuring distance 600 mm – 1200 mm 
Measuring volume 111×83×40 mm
3
 - 463×347×500 mm
3
 
Camera resolution 640×480 pixel 24 bits 
Accuracy ±100 μm 
Precision 8 μm 
1
focal length is 25 mm, 
2
capturing 307 000 points/sec 
4.2.2 Methodology of 3D scanning 
The scanner was controlled and operated by the Polygon Editing Tool (PET) 
software which operates, calibrates, registers and merges multiple scans, and then 
exports the scan data. In order to have a complete 3D scanned model of the joint 
specimen attached to the shear box, multiple scans were taken by rotating the shear 
box clockwise or anti-clockwise, with an increasing angle of rotation between 30° 
and 90°. Before scanning, a few permanent marks were placed on the shear box as 
predefined reference points. Multiple scan images were then registered in PET by 
manually designating their corresponding predefined reference points. All the 
registered scan images were then merged to create a 3D scanned model in which 
there could still be a few holes or gaps remaining due to the complex roughness of 
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the surface. These gaps could be filled by rescanning the surface or by closing the 
holes with artificially created polygons. If a large number of gaps remain in the 
scanned model, the specimen should be rescanned at a reduced angle of rotation. The 
fine scanning mode was used to enhance the accuracy of scanning, with a 25 mm 
focal length lens at a 1 m working distance maintained for all scanning. 
4.2.3 Alignment of 3D scanned model 
Both the upper and lower shear boxes used in typical direct shear test apparatus have 
either been a square prism (Grasselli et al., 2002), a rectangular prism (Lee et al., 
2001), or cylindrical in shape (Gentier et al., 2000). All these boxes have at least two 
or more defined features such as a rectangular plane, a circular plane, or a cylindrical 
surface, except one feature which is attached to the rock specimen. These defined 
features, which are physical or imaginary constructions on an object, can easily be 
created by the best fitting technique. The rectangular prism shaped shear box used in 
this study has three defined planes, plane A (parallel to the shear direction), plane B 
(normal to the shear plane), and plane C (parallel to the shear plane) (Figure 4.2a). 
All three planes were then created in the scanned model based on the best fitting 
method (Figure 4.2b). However, planes A, B, and C were created with respect to the 
measured coordinate system and they should be aligned to the defined coordinate 
system in order to evaluate any geometrical changes on the surfaces of the joint due 
to shear. This alignment was established by transferring an existing plane to the 
defined coordinate system (i.e. A → xz, B → yz, and C → xy), as shown in Figure 
4.2b for the lower specimen. 





Figure 4.2 (a) Defining the planes on the lower shear box, and (b) Aligned 3D 
scanned model with respect to the defined coordinate system.  
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4.3 CHARACTERISATION OF INITIAL JOINT SURFACE ROUGHNESS 
In many real situations where CNS conditions are applicable (e.g. an unstable block 
in a mine or tunnel roof, reinforced wedges sliding downslope, vertical displacement 
of a rock-socketed concrete pile etc.), the potential primary direction of shear is well 
defined. Therefore, as suggested by ISRM (1981), the roughness of a joint surface 
can be modelled by sectional profiles taken parallel to the direction of shear when the 
potential direction of shear is known. 
In order to acquire joint profiles along the shear direction, the 3D scan of the RSW, 
RSR, and RSY joint surfaces was further digitised on a 0.5 mm × 0.5 mm grid, as 
shown in Figure 4.3. From each digitised surface, eleven profiles that were parallel to 
the shear direction (i.e., along the x direction) were selected and placed 10 mm apart 
along the y direction. To quantify the roughness of each of these joint profiles, the 
joint roughness coefficient (JRC) proposed by Barton & Choubey (1977) and 
recommended by ISRM (1981) was used in this study. This quantification method 
involves visually matching joint profiles with ten standard profiles. However, the 
estimation of JRC values by a visual comparison technique can be subjective (Beer et 
al., 2002). Several approaches were attempted to correlate the JRC with the statistical 
roughness parameters (Tse & Cruden, 1979; Maerz et al., 1990; Yu & Vayssade, 
1991; Yang et al., 2001; Tatone & Grasselli, 2010) and the fractal dimension (Carr & 
Warriner, 1989; Lee et al., 1990). Among these, the following correlation between 
the statistical roughness parameter Z2 and JRC proposed by Tse and Cruden (1979) 
has been widely used in the literature and was therefore chosen to quantify the joint 
profile roughness in this study: 
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 2log47.322.32 ZJRC   (4.1) 
where Z2 is the root mean square of the first derivative of the profile and can be 































Z  (4.2) 
In the above, the values (xi, zi) and (xi+1, zi+1) represent the adjacent digitised 
coordinates of the profile separated by the sampling interval Δx, Np is the number of 
digitised points along the profile, and Ln is the nominal length of the digitised joint 
profile.  
As observed by Yu & Vayssade (1991), selecting a small size interval for sampling 
may help to estimate the roughness more accurately. Hence 0.5 mm was selected as 
Δx in this study. For each digitised joint profile on the joint surface, the JRC was 
calculated from Equation (4.1) based on the sampling interval of 0.5 mm. The joint 
profiles selected along the shear direction for each joint surface and their roughness 










Figure 4.3 3D digitized surfaces of joints used in this study: (a) RSW, (b) RSR, and (c) RSY (The arrows represent the direction of shearing). 




Figure 4.4 Digitised joint profiles in the shear direction and their roughness 
parameters for the RSW joint. 




Figure 4.5 Digitised joint profiles in the shear direction and their roughness 
parameters for the RSR joint. 




Figure 4.6 Digitised joint profiles in the shear direction and their roughness 
parameters for the RSY joint. 
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In addition, the basic statistical values of JRC (i.e. maximum, minimum, mean and 
standard deviation) over each joint surface are tabulated in Table 4.2. The 
logarithmic part of Equation (4.1) is negative as Z2 is less than 1, and when Z2 comes 
close to 0.1, the value of JRC becomes zero (a perfectly smooth joint). For JRC = 
6.3, the corresponding value of Z2 is 0.1594, and for JRC = 19.3, the corresponding 
value of Z2 is 0.4011. The mean values of JRC will then be used to describe the 
roughness of joint surfaces before shearing. 
Table 4.2 Roughness parameter of RSW, RSR and RSY joint surfaces. 
Joint type 
JRC 
Maximum Minimum Mean 
*
SD 
RSW 8.4 6.3 7.3 0.6 
RSR 15.1 7.9 10.4 2.1 
RSY 19.3 11.3 15.3 2.5 
*
 standard deviation  
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4.4 3D CHARACTERISATION OF ASPERITY DEFORMATION ON THE 
SURFACE OF SHEARED JOINTS 
4.4.1 Rationale 
The surfaces of rough joints consist of asperities which play an essential role in the 
mechanical and hydraulic behaviour of the joints. Numerous laboratory 
investigations (Hutson & Dowding, 1990; Huang et al., 1993; Pereira & Freitas, 
1993; Wang & Scholz, 1994) have described the asperity damage that can occur as a 
result of attrition (overriding of asperities) and/or asperity breakage caused by 
overstressing upon shearing. As a consequence, the degraded materials form gouge 
in the joint interface that affects the shape of the surface and subsequent response of 
the rock joints (Plesha, 1987; Leong & Randolph, 1992; Olsson & Barton, 2001; 
Zhao et al., 2012; Zhao, 2013). In order to improve our understanding of the 
mechanical and hydraulic behaviour of rock joints, the asperity damage and gouge 
that accumulates on surfaces must be visualised and appropriately quantified. The 
characterization of asperity damage evolution and gouge accumulation on the joint 
surfaces is important for a variety of fields including applications in mining, 
tunnelling, petroleum engineering, rock slope engineering and earth sciences. 
Asperity deformation has been directly characterised by assessing the surface 
morphology of a joint before and after shearing (Ladanyi & Archambault, 1970; 
Roko et al., 1997; Riss et al., 1997; Gentier et al., 2000; Homand et al., 2001; 
Grasselli et al., 2002; Yang et al., 2010). Ladanyi & Archambault (1970) proposed a 
simple characterisation of asperity damage by measuring the ratio of the damaged 
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asperity area over the nominal area of the joint surface. Later, Homand et al. (2001) 
and Yang et al. (2010) modified Ladanyi and Archambault’s method for 
characterising irregular joint surface asperity damage by comparing the entire area of 
a joint before and after shearing. The deformation of joint surface asperities has been 
characterised by comparing a theoretical variogram model of a joint surface before 
and after shearing (Roko et al., 1997). Two dimensional (2D) image analyses on 
sheared joint surfaces were used by Riss et al. (1997) and Gentier et al. (2000) to 
characterise the asperity deformation associated with shear direction. Asperity 
deformation has been directly characterised by evaluating the critical apparent dip 
angle from a 3D digitised joint surface (Grasselli et al., 2002). In contrast, asperity 
deformation has been indirectly characterised by assessing the variation of the 
dilation angle (Hutson & Dowding, 1990; Plesha, 1987; Leong & Randolph, 1992; 
Lee et al., 2001). Also, Barton (1982) indirectly described asperity deformation 
through the concept of roughness (friction) mobilisation. More recently, asperity 
damage has also been studied on the basis of numerical modelling (Karami & Stead, 
2008; Asadi et al., 2012). 
As discussed by Plesha (1987), Leong & Randolph (1992), Pereira & Freitas (1993), 
Olsson & Barton (2001), and Zhao et al. (2012), the depth of asperity damage and 
thickness of accumulated gouge on the surface of a joint could affect the mechanical 
behaviour and the hydraulic behaviour of a joint upon shearing. However, as 
discussed in Table 4.3, previous direct methods of characterisation mainly focused 
on asperity damage, only a limited amount of attention was given to the 
accumulation and distribution of gouge on sheared joint surfaces.  




Table 4.3 Highlights and limitations of selected previous characterization approaches of asperity deformation. 
Previous study Highlights Limitations 
Homand et al.  (2001) Quantifying the degree of  joint surface damage the spatial distribution of asperity damage and gouge accumulation on the 
surface are not considered  
Yang et al. (2010) Evaluating the effect of  the order of asperities on joint surface 
deformation and degradation  
the gouge accumulation and  its distribution are not captured; 
the depth of asperity damage is not quantified 
Roko et al.  (1997) Calculating the surface smoothening (reduction in roughness) in 
relation to the extent of damage to asperities 
the distribution of  asperity damage and gouge on the surfaces is  not 
captured 
Riss et al. (1997); Gentier et al. (2000) Describing the surface deformation of joint associated with shear 
direction and its spatial distribution 
the zones of damage and gouge are not distinctly identified; 
the depth of asperity damage and gouge thickness are not captured 
Grasselli et al. (2002) Predicting the extent of asperity damage and its spatial 
distribution (on plan area of joint) 
as above 
Plesha (1987); Hutson and Dowding (2000); 
Leong and Randolph (1992); Lee et al. 
(2001) 
Relating the asperity damage with the joint dilation by using 
energy principles   
the evolution of asperity damage and gouge formation are not directly 
associated with the strain energy of joint deformation  
Barton (1982) Correlating the asperity damage with the joint roughness (e.g. 
mobilize roughness coefficient, JRCmob) 
the influence of gouge accumulation on the shear behaviour of joint is not 
included  
Karami and Stead (2008);  Asadi et al. 
(2012) 
Studying the primary asperity failure mechanism with the aid of 
numerical simulations  
the secondary failure mechanism of asperities as influenced by gouge is not 
incorporated in the analysis  
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Moreover, most of these direct methods only characterised the asperity deformation 
features in two dimensions (i.e., the area of damage), rather than three dimensions to 
capture the depth of asperity damage and thickness of the accumulated gouge. 
Therefore, these parameters on the sheared surfaces need to be characterised in order 
to enhance our understanding of their influence on shear behaviour. 
In addition, most previous studies were conducted using a constant normal load 
(CNL) boundary condition, only a limited number of studies have been conducted 
based on the constant normal stiffness (CNS) boundary condition (Leong & 
Randolph, 1992; Seidel & Haberfield, 2002; Belem et al., 2007; Indraratna et al., 
2010). As discussed in Chapter 1, the CNS boundary condition is more appropriate 
for underground excavations, rock-socketed piles, and for analysing the stability of 
bolted jointed rock slopes. However, as noted by Leong & Randolph (1992), the 
deformation of asperities is undesirable in these applications as it will cause a 
reduction in the frictional resistance with subsequent displacement. Therefore, one of 
the objectives in this study is to propose a new technique to characterise asperity 
damage and gouge accumulation on the surface of sheared joints under CNS. 
4.4.2 New methodology for asperity deformation characterisation 
The aligned 3D scanned model of the upper and lower rock specimen before the 
shear test was designated as the reference model. Similarly, the aligned 3D scanned 
model of the rock specimen after the shear test was designated as the test model. 
Both the reference and test models were then aligned on the feature-based alignment 
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method by referring to the reference model and the defined features of the test model. 
Consequently, the defined coordinate system was then copied from the reference 
model to the test model during the alignment process. The deviation of asperity 
height (Δz) between the reference model and test model was calculated from the 
perpendicular direction to the shear direction (i.e., along the z axis), whereby: 
    ijjirefijjitest zyxzyxz ,,,,   (4.3) 
In Equation (4.3), Φref is the surface of the reference model, Φtest is the surface of the 
test model, xi and yj are the plane coordinates, and zij is the asperity height. If the 
calculated value of Δz with respect to the plane coordinate (xi, yi) was significantly 
negative, it was considered to be the zone where the asperity was severely damaged. 
If the gouge materials resulting from broken asperities being crushed during shearing 
have accumulated on the surface, the value Δz would be significantly positive. Based 
on this hypothesis, a spectrum was created to distinguish between the zones of 
damaged and accumulated gouge materials, as summarised in Table 4.4. It was 
assumed that the zone where the range of deviation bounds between + 0.1 mm and -
0.1mm was a non-distortion zone and the critical values of deviation were chosen to 
be ± 1.0 mm in the spectrum. All the deviation values with respect to the xy plane 
were used to map the asperity height deviation contour. In this method, any plastic 
deformation of the joint surface due to normal loading prior to shearing was 
neglected, because the initial normal stresses used in this study were much lower 
than the compressive strength (𝜎c) of the model material (𝜎n0/𝜎c ≤ 0.025) (Bandis et 
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al., 1983). However, normal plastic deformation should be considered when a direct 
shear test is performed under significantly higher initial normal stresses. 





Δz ≤ -1.0 
 
Severe damage to asperities 
-0.7 ≥ Δz > -1.0 
 
High level of damage to asperities 
-0.4 ≥ Δz > -0.7 
 
Moderate damage to asperities 
-0.1 ≥ Δz > -0.4 
 
Insignificant damage to asperities 
+0.1> Δz  > -0.1 
 
Neither asperities damage nor gouge materials 
accumulation 
+0.4 > Δz  ≥ +0.1 
 
Low gouge materials accumulation 
+0.7 > Δz ≥ +0.4 
 
Moderate gouge materials accumulation 
+1.0 > Δz ≥ +0.7 
 
High gouge materials accumulation 
Δz ≥ +1.0 
 
Significant gouge materials accumulation 
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4.4.3 Results and discussion on joint surface deformation characteristics  
4.4.3.1 Comparison with existing characterisation methods  
Figure 4.7a shows a photograph of the upper surface of the RSW joint after shearing 
at an initial normal stress of 1.6 MPa. The isolated zones in Figure 4.7a, which are 
represented by elliptical line drawings, visually illustrate the areas where the surface 
of the joint has undergone deformation. However, it is difficult to distinguish clearly 
between the sheared asperity zones and the gouge accumulation zones from this 
figure alone. The contour map of asperity height deviation shown in Figure 4.7b in 
relation to the reference plane xy represents the results from the proposed 3D 
asperity deformation characterisation method. It was observed that two distinctly 
different zones in the surface morphology exist adjacently on the surface of the 
sheared joint: 
(a) Damaged zone: the intensity of the black colour spectrum increases from Δz = - 
0.1mm towards the negative direction,  
(b) Gouge accumulation zone: the intensity of the white colour spectrum increases 
from Δz = + 0.1 mm towards the positive direction. 
Compared to typical 2D methods (Riss et al., 1997; Gentier et al., 2000; Homand et 
al., 2001; Yang et al., 2010), the proposed 3D asperity deformation characterisation 
also shows significant variations on the surface of the joint, especially in relation to 
the depth of asperity damage and the thickness of gouge formed on the sheared 
surfaces.  




Figure 4.7 Asperity deformation for RSW joint: (a) Aerial photograph and (b) 
proposed 3D characterisation.  
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4.4.3.2 Effect of initial normal stresses and joint surface morphology 
Figures 4.8 and 4.9 show the 3D characterisation of asperity deformation on the 
upper and lower surfaces of the RSR and RSW joints, respectively, for magnitudes of 
𝜎n0 of 0.4, 0.8, and 1.6 MPa. It was observed that three types of zone exist on the 
sheared surfaces based on the spectrum of colour shades.  
i. Asperity damage zone: high intensity black, 
ii. Gouge accumulation zone: high intensity white; and 
iii. Unaffected zone: dark grey – less intense black. 
The damaged and gouge zones formed in more or less continuous bands lying 
perpendicular to the shear direction. It was observed that the damage zone forms 
towards the shearing direction and the gouge zones formed close to the damage zone 
along the opposite direction of shearing. Furthermore, it is observed that the potential 
asperity damage and gouge accumulation show similar spatial distributions on the 
surfaces of the upper and lower sheared joints, corresponding to the initial normal 
stress levels of 0.4, 0.8 and 1.6 MPa. However, as expected, the asperity damage and 
accumulated gouge increased with an increase in applied initial normal stress. 
Gentier et al. (2000) and Grasselli et al. (2002) noted that considerable joint damage 
occurs when the asperity inclination angle exceeds a critical value in the direction of 
shearing.  
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A comparison of Figures 4.8 and 4.9 also reveals that each type of joint shows a 
different degree of damage for specific initial normal stresses. Not surprisingly, the 
RSR joint (Figure 4.8), which has a mean value of JRC = 10.4 shows higher asperity 
damage and gouge accumulation on its sheared surface than the RSW joint with JRC 
= 7.3 (Figure 4.9). A severe asperity damage zone was evident along the edges of 
some joint surfaces at the origin of the shear direction. This is attributed to the 
localized stress concentrations expected to occur at the joint boundaries (edges). 
A comparison of upper and lower sheared surfaces for each joint shows that most of 
the gouge zones on the upper joint surfaces were similar in shape, size, and location 
to the asperity damage zones on the lower surfaces, apart from the edges. For 
instance, at locations defined by the coordinates [(40, 40), (40, 90), (60, 90), (60, 
40)] in Figs. 4.8c and 4.8f, and at coordinates [(70, 70), (70, 100), (100, 100), (100, 
70)] in Figs. 4.9c and 4.9f, the upper surface has lost asperity heights while the lower 
surface has gained, and vice versa. These observations led to the hypothesis that most 
of the gouge material formed on the upper surfaces had actually originated from the 
lower surface asperity damage, and vice versa during shearing. 
 
 




Figure 4.8 Contour maps of asperity deformation characteristics of RSR joints at different levels of 𝜎n0 = 0.4, 0.8 and 1.6 MPa; (a)-(c) upper surfaces; and (d)-
(f) lower surfaces. (The arrows represent the shear direction). 
 




Figure 4.9 Contour maps of asperity deformation characteristics of RSW joints at different levels of 𝜎n0 = 0.4, 0.8 and 1.6 MPa; (a)-(c) upper surfaces; and (d)-
(f) lower surfaces. (The arrows represent the shear direction).  
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4.4.3.3 Statistical representation of asperity deformation characteristics 
Figures 4.10-4.12 show a box and whisker diagram to further elucidate the depth of 
asperity damage and the thickness of the accumulated gouge on the upper and lower 
sheared surfaces of both RSR and RSW joints, at initial normal stresses of 0.4, 0.8 
and 1.6 MPa, respectively. According to this statistical analysis, the degree of 
asperity damage is more dominant on the lower surfaces of the joints as indicated in 
Figure 4.11a (i.e. –Δzmean = –0.536 mm for RSR; –Δzmean = –0.497 mm for RSW) 
compared to the upper surfaces (–Δzmean = –0.278 mm for RSR; –Δzmean = –0.185 
mm for RSW). This could be attributed to the displacement of lower specimen. 
However, the accumulation of gouge is more pronounced on the upper surfaces 
(Figures 4.10b, 4.11b and 4.12b), which is probably attributable to some of the gouge 
formed on the lower surface being transferred to the upper joint surface. 




Figure 4.10 Box-and-whisker plots of the (a) depth of asperity damage, and (b) 
thickness of acumulated gouge for RSR and RSW joints at 𝜎n0 = 0.4 MPa. 




Figure 4.11 Box-and-whisker plots of the (a) depth of asperity damage, and (b) 
thickness of acumulated gouge for RSR and RSW joints at 𝜎n0 = 0.8 MPa. 




Figure 4.12 Box-and-whisker plots of the (a) depth of asperity damage, and (b) 
thickness of acumulated gouge for RSR and RSW joints at 𝜎n0 = 1.6 MPa.  
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4.4.4 Characterisation of asperity damage and gouge accumulation based on 
shear test results  
Typical CNS direct shear results relating shear stress (𝜏), normal stress (𝜎n), and 
normal displacement (𝛿v) to shear displacement (𝛿h) for the RSR and RSW joints 
under three different initial normal stresses are shown in Figure 4.13. The shear 
behaviour of these rough joints will be discussed in detail in Chapter 5, however, the 
effects of asperity damage and gouge accumulation on the shear behaviour of joints 
under CNS has been the particularly the focus of this chapter. 
It is of interest to note that the stick-slip behaviour becomes more pronounced in the 
joint interfaces soon after the quasi-elastic phase (Figures 4.13a and 4.13b). This 
stick-slip behaviour is generally attributed to the accumulation of gouge material 
resulting from asperity damage in the joint interface. Jaeger (1971) reported that 
stick-slip behaviour is related to the amount of gouge present in the joint interface. It 
has been observed that joints containing layers of over-consolidated thin clay (gouge) 
also generate stick-slip behaviour (Indraratna et al., 2008). It is important to note that 
the shear stress-shear displacement plots (Figures 4.13a and 4.13b) do not indicate a 
distinct peak followed by a sudden drop in stress, but shearing continues to occur in a 
ductile manner over a considerable range of shear movement (3 mm < 𝛿h < 15 mm). 
This is attributed to the compaction of gouge on both joint surfaces that negates the 
effect of the remaining asperities (i.e., reflecting behaviour similar to a planar joint). 
As can be observed (Figures 4.13a and 4.13b), shear stress suddenly rises and falls 
on a few occasions after the quasi-elastic phase (i.e. h  > 3.0 mm). This could be 
attributed to severe damage along the edges of specimens. 




Figure 4.13 CNS direct shear test results for RSR and RSW joints; (a),(b) shear stress 
vs. shear displacement; (c),(d) normal stress vs. shear displacement; (e),(f) normal 
displacement vs. shear displacement.  
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The stress-strain behaviour illustrated in Figure 4.13 can also be described on the 
basis of the dilation angle (i) and the mobilised friction angle (𝜙mob). As suggested 
by Indraratna et al. (2010), Fourier series can be used to fit the normal displacements 









































  (4.4) 
where a0, an, bn are Fourier coefficients, T is the Fourier period (i.e., equal to 
maximum shear displacement), n is the number of harmonics, Nk is the maximum 
harmonic number required to fit the data and Lf is the Lanczos sigma factor, which 
can be expressed by: 
 


















It was found that 5 to 8 harmonics were enough to fit the normal displacements with 
shear displacement. The dilation angle at a given shear displacement of 𝛿h, which can 
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The mobilised friction angle (𝜙mob) was calculated by dividing the shear stress (𝜏) by 














 1tan  (4.7) 
The variations in the joint dilation angle (i) and the mobilised friction angle (𝜙mob) 
with shear displacement (𝛿h) for both RSR and RSW joints at 𝜎n0 = 0.4, 0.8 and 1.6 
MPa, calculated from Equations (4.6) and (4.7), are shown in Figure 4.14. It is clear 
that the peak dilation angle decreases with increasing initial normal stress but 
increases with increasing JRC. When the joint surfaces approached maximum 
sliding, the dilation angle decreased by up to 90 % of its peak value for the RSR joint 
(Figure 4.14a), compared to 60-70% of its peak value for the RSW joint (Figure 
4.14b). Undoubtedly, the dilation angle, which also represents the degree of asperity 
damage, continued to decrease with shear displacement. As the shear displacement 
exceeded say 12 mm, the dilation angle approached zero, thus joint compression 
occurs at larger shear displacements. It is observed that the dilation angle approaches 
an approximately constant value once the shear displacement exceeds 9 mm for the 
RSW joints (Figure 4.14b) in contrast to the RSR joints (Figure 4.14a). This could be 
attributed to the fact that the accumulated gouge on the less rough surfaces slows 
down the progression of asperity damage compared to the joint surfaces of higher 
roughness.  
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This variation in the joint dilation angle (Equation (4.6)) with shear displacement 
also showed a similar trend to the mobilised friction angle (Equation (4.7)) for both 
joint interfaces (Figures 4.14c and 4.14d). The possible correlation between the 
dilation angle (i) and the mobilized friction angle ( mob ) could be: 
 ibmob   (4.8) 
where b is the basic friction angle. 
It was observed that 𝜙mob rapidly increased with 𝛿h and attained a peak value at 
around 2 - 3 mm of shear displacement and then gradually decreased to an almost a 
constant (residual) value. The peak value of the mobilised friction angle decreased 
with an increasing initial normal stress for both joints. The decline in the peak 
mobilized friction angle is attributed to the occurrence of initial asperity damage, 
which is caused by shearing under a relatively high value of initial normal stress 
exceeding 0.8 MPa. Where the joint interface approached a residual phase, 𝜙mob 
almost attained a constant value of about 31º - 30º for both RSR and RSW joints at 
high initial normal stresses (i.e., 𝜎n0 = 0.8 and 1.6 MPa). These values were similar to 
the basic friction angle of joint 𝜙b (30º). 




Figure 4.14 (a),(b) variation of dilation angle with shear displacement; (c),(d) 
variation of mobilised friction angle with shear displacement for RSR and RSW 
joints.  
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4.5 JOINT NORMAL DEFORMATION CHARACTERISTICS 
Joint normal deformability under the action of normal compressive loading is of 
fundamental importance to the study of the hydraulic and mechanical behaviour of 
joints. Joint normal deformation is generally described by stress-deformation 
relations where the initial joint normal stiffness nik , and the maximum normal joint 
closure mV  are used as the characteristics parameters (Goodman, 1974; Bandis et al., 
1983). These joint normal deformation characteristics are strongly dependent on the 
surface strength, roughness and aperture distribution of joints. 
To obtain the normal deformation characteristics of the joint surfaces, compression 
tests were performed on the RSW, RSR, and RSY jointed specimens, as well as on 
identical intact specimens under uniaxial compression. Figure 4.15 shows a 
photograph of the joint compression testing setup used in this study. The normal 
compressive loads were applied using a 500 kN INSTRON universal testing machine 
equipped with a load servo controller. The maximum stresses applied to the rock 
specimens were between 20-25 MPa. The normal displacement was measured by two 
LVDT attached to the top plate on which the rock specimen was placed (as shown in 
Figure 4.15) and having an accuracy of ±1 µm, which was connected to a digital data 
acquisition system. The average value of the two LVDT readings was used as the 
measured normal displacement.  





Figure 4.15 Joint compression testing setup.  
LVDT 
Joint specimen 
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The joint closure vs. normal compressive stress curves were obtained by subtracting 
the normal deformation of the intact specimen from the jointed specimens. Figure 
4.16 shows the typical closures of the three types of joint surfaces used in this study. 
However, the range of applied compressive load used in this study was not enough to 
cause maximum joint closure. Thus, in order to find the joint normal deformation 
characteristics, the experimental data was fitted by following the well-known 
























  (4.10) 
where *
n  is the normal compressive stress, v  is the joint closure, mV is the 
maximum joint closure and nik  is the initial joint normal stiffness at the beginning of 
normal loading.  
The initial joint normal deformation parameters (Vm) and (kni) for the joint surfaces, 
were obtained using the least squares method, and are given in Figure 4.16. 




Figure 4.16 Joint closure curves for joints RSW, RSR and RSY.  




A laser scanning system was used to digitise the rough joint surfaces in three 
dimensions. The initial joint surface roughness was calculated based on the well-
known correlation equation between the joint roughness coefficient, JRC, and the 
statistical parameter Z2. 
This study proposed a technique for three-dimensional characterisation of joint 
asperity deformation under CNS shear testing. The proposed method quantifies the 
asperity damage and gouge that accumulates during joint shearing, including contour 
maps based on the asperity height deviations (Δz) together with a spectrum of grey-
scale shades that represent the intensity of asperity damage and gouge accumulation 
within the joints. Most of the gouge zones on the surfaces of the upper joint were 
similar in shape, size, and location to the asperity damage zones on the lower 
surfaces. The test results indicated that the gouge material formed on the upper 
surfaces had actually originated and transferred from the lower surfaces, and vice-
versa. The asperity damage and gouge accumulation increased with the initial normal 
stress and with the JRC, indicating the greatest degree of joint degradation at 𝜎n0 = 
1.6 MPa and JRCmean = 10.4, and the least degradation at 𝜎n0 = 0.8 MPa and JRCmean 
= 7.3. 
The pronounced stick-slip behaviour that occurred after an initial quasi-elastic phase 
(i.e., for 𝛿h > 2mm) could be partly attributed to uneven asperity damage and the 
amount of gouge accumulated during shearing. However, with increased shear 
displacement, the accumulated gouge would compact and spread more evenly along 
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the surfaces of the joint and subdue the effect of the remaining asperities 
(roughness), thereby indicating a relatively ductile shear stress-strain deformation. 
The associated dilation angle (i) showed a decrease of up to 90% of its peak value for 
the RSR joint compared to a 60-70% decrease for the RSW joint at a maximum shear 
displacement of 𝛿h = 15 mm. In a similar way, the mobilised friction angle (𝜙mob) 
reached a peak value at a small shear displacement (𝛿h = 2-3 mm) and then gradually 
decreased to an almost constant value at higher shear displacement (𝛿h > 10-12 mm). 
Not surprisingly, this constant value of 𝜙mob approached the basic joint friction angle 
(𝜙b), especially at higher initial normal stresses and large shear displacements. 
As this study has revealed, the proposed 3D joint characterisation method is useful to 
describe the asperity degradation and gouge accumulation process during joint 
shearing. The extent of asperity damage or asperity height deviation, and the 
thickness of gouge along the joint upon shearing, provides insightful information to 
be captured in the future to develop an appropriate constitutive stress-strain-
degradation model for rough rock joints subjected to CNS shearing. 
Furthermore, the joint normal deformation characteristics were also studied through 
the joint compression tests under uniaxial loading conditions. 




 SHEAR BEHAVIOUR OF ROUGH ROCK JOINTS UNDER CNS 
CONDITIONS 
5.1 INTRODUCTION 
This chapter presents the experimental results of direct shear tests conducted on 
replicated rough natural joints under constant normal stiffness (CNS) boundary 
conditions. The testing program was carried out using three types of rough joints 
with JRC values of 7.3 (RSW joint), 10.4 (RSR joint) and 15.3 (RSY joint). The 
range of initial normal stresses used in these tests ranged from 0.4 MPa to 1.6 MPa, 
and all the joints were tested at a constant shearing rate of 0.5 mm/min. The effects 
of initial normal stress and joint surface roughness on the shear behaviour of rough 
joints under CNS conditions are then discussed based on the test results. In addition, 
the variation of joint peak dilation rate, peak stress ratio, peak shear displacement 
and shear stiffness with respect to the initial normal stress and joint surface 
roughness are also discussed in this chapter. 
5.2 EFFECT OF INITIAL NORMAL STRESS  
A typical set of CNS direct shear test results for the RSR (JRC = 10.4) joints under 
three different initial normal stresses is shown in Figure 5.1. It can be seen that for 
small shear displacements (e.g., 𝛿h ≈ 1-2 mm), the shear stress increased almost 
linearly with shear displacement (i.e., quasi-elastic phase), and then exhibited a slight 
strain-hardening behaviour (Figure 5.1a). These shear stress-shear displacement plots 
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do not indicate a distinct peak. It was caused by the increase in normal stress with 
shear displacement as it was affected by the external boundary stiffness (Olsson & 
Barton, 2001). When the initial normal stress increased the shear stress-displacement 
followed a ductile trend over a considerable range of shear movement (3 mm < 𝛿h < 
15 mm). This can be attributed to the compaction of gouge (following asperity 
damage) on both joint surfaces that negate the effect of the remaining asperities (i.e. 
reflecting the behaviour of a planar joint), although, other mechanisms may also 
explain these observations to some extent. For instance, on the basis of laboratory 
testing (e.g. Pereira & Freitas, 1993) and numerical modelling (e.g. Zhao, 2013) 
sliding friction may become secondary as rolling friction increases along the joint 
interface, as a result of gouge formation. 
The rate of increase in normal stress during shearing seemed to be more pronounced 
under low initial normal stress (e.g., 𝜎n0 =0.4 MPa) (Figure 5.1b), because at high 
initial normal stress (e.g., 𝜎n0 =1.6 MPa), the increase of normal stress occurred at a 
lower rate due to the pronounced asperity damage.  
The normal displacement behaviour (volume change) showed an initially small 
contraction until a 𝛿h of about 1 mm, followed by dilation and a subsequent decrease 
in dilation with increasing 𝜎n0 (Figure 5.1c).  




Figure 5.1 Shear behaviour of joints with different levels of initial normal stress 
under CNS boundary conditions for RSR (JRC = 10.4) joints. 
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5.3 EFFECT OF JOINT SURFACE ROUGHNESS 
The effect of joint roughness on the shear behaviour of joint interfaces is shown by 
Figure 5.2. As expected, the RSY joint (JRC = 15.3) showed a higher value of shear 
stress than the RSR joint (JRC = 10.4) and the RSW joint (JRC = 7.3) under similar 
levels of initial normal stress (Figure 5.2a). As expected, Figure 5.2b shows that the 
rate of increase of normal stress with shear displacement was greater for the RSY 
joint than for the RSR and RSW joints. For the test cases in Figure 5.2b, the 
percentage increase of normal stress at shear displacement of 12 mm were 120%, 
90% and 50%, which corresponded to the JRC values of 7.3, 10.4 and 15.3, 
respectively, while, Figure 5.2c confirmed that the joint with a higher roughness 
dilated more. 
It is of interest to note that the stick-slip behaviour became more pronounced in the 
joint interfaces soon after the quasi-elastic phase (Figures 5.1a and 5.2b). This is 
generally attributed to the accumulation of gouge material resulting from asperity 
damage in the joint interface. Jaeger (1971) reported that stick-slip behaviour is 
related to the amount of gouge present in the joint interface. It has been observed that 
joints containing layers of over-consolidated thin clay (gouge) also generate stick-
slip behaviour (Indraratna et al., 2008). Nevertheless, degree of stick-slip behaviour 
is less significant under monotonic sharing compered to dynamic shearing.  




Figure 5.2 Shear behaviour of joints with different JRC values under CNS boundary 
conditions at 𝜎n0 = 0.8 MPa. 
Chapter 5           Shear Behaviour of Rough Rock Joints under CNS Conditions 
134 
 
5.4 STRESS PATHS 
The shear-normal stress paths for different initial normal stresses for the RSW, RSR 
and RSY type joints are plotted in Figure 5.3 for comparison, and they indicate that 
the shear stress initially rose to reach a value which corresponded to the peak stress 
ratio (𝜏/𝜎n) peak and then gradually approached a residual value (i.e., approximately 
the basic friction of the joint surface). Peak strength envelopes are plotted in Figure 
5.3 based on the best non-linear curve fitting (R
2
 > 0.98) through the points 
corresponding to the peak stress ratio (𝜏/𝜎n) peak (i.e., peak mobilised friction angle; 
ϕmob,peak = arctan((𝜏/𝜎n) peak)) in the range of 0.4 MPa ≤ 𝜎n0 ≤ 1.6 MPa. It is clear that 
the peak mobilised friction increased with increasing JRC and decreased with 
increasing initial normal stress 𝜎n0. For a lower level of initial normal stress (𝜎n0 = 
0.4 MPa), the stress paths propagated along the peak strength envelope over a 
considerable length before reaching the residual stage characteristics of a planar joint 
(Figures. 5.3b and 5.3c). This implies that significant shear displacement is required 
for substantial asperity damage at lower 𝜎n0 values, but as the initial normal stress 
increases further (i.e., 𝜎n0 > 0.8 MPa), the stress paths reached the residual stage 
more rapidly (Figures. 5.3a and 5.3b), which shows that at higher values of 𝜎n0, only 
limited shear displacement is required to produce substantial asperity damage.  




Figure 5.3 Stress paths plot for joints under various initial normal stress levels: (a) 
RSW (JRC = 7.3) joints, (b) RSR (JRC = 10.4) joints, (c) RSY (JRC = 15.3) joints. 
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5.5 PEAK DILATION RATE 
The definition of peak dilation rate peakv  is graphically illustrated in Figure 5.4 and is 
also briefly discussed hereafter. A variation in the stress ratio with shear 
displacement was obtained from shear stress-shear displacement and normal stress-
shear displacement curves as shown in Figure 5.4b. Similarly, the variation of 
dilation rate with shear displacement was derived from the normal displacement vs 
shear displacement curve as shown in Figure 5.4d. Figure 5.4b shows that the peak 
shear displacement  peakh  is defined at a shear displacement at which the stress 
ratio reaches its peak value (i.e.  
peakn
 ), whereas the dilation rate corresponding 
to the peak shear displacement is defined as the peak dilation rate peakv  as shown in 
Figure 5.4d. 
Figure 5.5 shows the variation in the peak dilation rate peakv  with the initial normal 
stress 
0n and the joint surface roughness JRC with respect to two dimensional 
(Figure 5.5a) and three dimensional plots (Figure 5.5b). The three dimensional plots 
can further interpret the dependency of peak dilation rate with 0n  and JRC. It can be 
observed that the peak dilation rate decreased with the increasing initial normal stress 
due to the increase in asperity damage in the joint interface. As expected, the peak 
dilation rate increased with the increase of JRC values for the initial normal stress 
range of 0.4 MPa to 1.6 MPa (Figure 5.5b), although, the peak dilation rate also 
depended on the magnitude of external boundary stiffness (Skinas et al., 1990; 
Olsson & Barton, 2001). 





Figure 5.4 Defining the peak stress ratio  
peakn
 , peak shear displacement  peakh  
and peak dilation rate  peakv  from typical CNS direct shear test result. 
 




Figure 5.5 Variation in the peak dilation rate peakv with the initial normal stress ( 0n ) 
and the joint surface roughness (JRC): (a) 2D representation, (b) 3D representation. 
(a) 
(b) 
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5.6 PEAK STRESS RATIO  
Figure 5.6a shows the variation in the peak stress ratio  
peakn
 with initial normal 
stress  0n  for different values of joint surface roughness (JRC), whereas Figure 
5.6b presents the same data in a three dimensional plot. The peak stress ratio 
 
peakn
  is the contribution of basic friction of the joint surface and the peak 
dilation rate of the joint. In other words, the peak stress ratio is equivalent to the 
maximum shearing resistance of the joint surfaces. However, since the basic friction 
of a joint surface is almost constant for a particular rock type, the peak stress ratio is 
based almost entirely on the peak dilation rate which is predominantly a geometrical 
component that depends on the joint surface roughness. Therefore, as expected, the 
joint with a relatively high roughness (e.g. JRC = 15.3) exhibited a higher value of 
 
peakn
 than joints of relatively low roughness (e.g. JRC = 10.4 and 7.3) because 
of the comparatively high rate of dilation that occurred in the high rough joint 
interface. On the other hand, the peak stress ratio  
peakn
 generally decreased with 
an increasing initial normal stress level for all types of rough joints. This observation 
can be attributed to the increasing asperity damage on the joint surface with the 
increasing initial normal stress  0n , with the result that the peak rate of dilation 
decreases with increasing
0n . 




Figure 5.6 Variation in the peak stress ratio  
peakn
  with initial normal stress 
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5.7 PEAK SHEAR DISPLACEMENT 
In this study the peak shear displacement peakh  is defined as the shear displacement 
at which the stress ratio  n  reaches its peak value. The variation of peak shear 
displacement with initial normal stress  0n  and joint surface roughness (JRC) is 
given in Table 5.1. Here the peak shear displacement  peakh  depended more on the 
joint surface roughness than the applied initial normal stress for a particular length of 
joint specimen (e.g. the joint specimens used in this study were 120 mm long), but 
peakh  also depends on the length of the joint (Bandis et al., 1981). On the other 
hand, the magnitude of 𝛿h-peak tends to be somewhat less when JRC value is relatively 
low (e.g. for JRC = 7.3). 
Table 5.1 Peak shear displacement obtained based on the CNS direct shear tests. 
Joint type JRC σn0 (MPa) 
a
δh-peak (mm) 
RSW 7.3 0.4 2.30 
 7.3 0.8 2.35 
 7.3 1.6 2.40 
RSR 10.4 0.4 2.30 
 10.4 0.8 2.40 
 10.4 1.6 2.50 
RSY 15.3 0.4 3.30 
 15.3 0.8 3.45 
 15.3 1.6 3.60 
a
 shear displacement corresponding to peak stress ratio (𝜏/𝜎n) peak 
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5.8 JOINT SHEAR STIFFNESS 
The joint shear stiffness 
sk  was calculated from the gradient of the shear stress-shear 
displacement curve at the beginning of shearing for a given level of initial normal 
stress. The variation of joint shear stiffness with the initial normal stress  0n  and 
the joint surface roughness (JRC) is shown Figure 5.7. A three dimensional plot was 
also given to further elucidate the change in joint shear stiffness with 
0n  and JRC 
(Figure 5.7b). As expected, the joint shear stiffness increased with increasing initial 
normal stress
0n . Nevertheless, the rate at which the joint shear stiffness increased 
with initial normal stress decreased with increasing JRC. For example, for a joint 
with relatively low roughness (i.e. JRC = 7.3), the shear stiffness increased 2.2 times 
for an increase in initial normal stress from 0.4 MPa to 1.6 MPa, whereas for a joint 
with a relatively high roughness (i.e. JRC = 15.3), the shear stiffness increased by 
only 1.2 times. It is also clear that the joint shear stiffness increased with increasing 
joint roughness.  




Figure 5.7 Variation in the joint shear stiffness 
sk with the initial normal stress ( 0n ) 








The experimental observations, analysis, and related discussion of the shear 
behaviour of three different types of rough joints tested under CNS conditions were 
presented in this chapter. Important aspects of the joint shear behaviour are 
summarised as follows: 
 The shear stress-strain curve for the joint under CNS showed a quasi-elastic 
behaviour at the beginning of shearing (i.e., for 𝛿h < 2 mm), followed by a 
slight strain-hardening behaviour. 
 When the initial normal stress increased, the accumulated gouge (following 
asperity damage) would compact and spread more evenly along the joint 
surfaces and subdue the effect of the remaining asperities (roughness). This 
resulted in a relatively ductile shear stress-strain deformation over a 
considerable range of shear movement (3 mm < 𝛿h < 15 mm). 
 However, other mechanisms may also explain this ductile shear stress-strain 
deformation to some extent. For instance, on the basis of laboratory testing 
(e.g. Pereira & Freitas, 1993) and numerical modelling (e.g. Zhao, 2013) it is 
understood that sliding friction may become secondary as rolling friction 
becomes increasingly pronounced along the joint interface, as a result of gouge 
formation. 
 The rate of increase in normal stress with shear displacement decreased with 
the increase in the initial normal stress. This is associated with the asperity 
damage. On the other hand, the joint with relatively high roughness showed a 
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considerable increase of normal stress compared to a joint of relatively low 
roughness, at a particular initial normal stress. 
 The normal displacement behaviour (volume change) of rough joints showed a 
small contraction initially, until a shear displacement of 1 mm appeared. This 
was followed by dilation, but a subsequent decrease in dilation was observed 
with increasing initial normal stress. 
 The pronounced stick-slip behaviour observed after an initial quasi-elastic 
phase (i.e., for 𝛿h > 2 mm) could be partly attributed to the uneven asperity 
degradation and the amount of gouge accumulated during shearing. 
 Stress paths developed under a lower level of initial normal stress (𝜎n0 = 0.4 
MPa) and propagated along the peak strength envelope over a considerable 
length. As the initial normal stress increased further (i.e., 𝜎n0 > 0.8 MPa), the 
stress paths reached the residual stage more rapidly which showed that at 
higher values of 𝜎n0, only a limited shear displacement is required to produce 
substantial asperity damage. 
 The peak dilation rate increased with the increase in the JRC value, but it 
decreased with increasing initial normal stress as a result of asperity damage. 
 Variation in the peak stress ratio also showed a similar trend of peak dilation 
rate with the initial normal stress and JRC values, indicating that the peak 
stress ratio depends upon the peak dilation rate. 
 The shear displacement corresponding to the peak stress ratio (i.e., peak shear 
displacement defined as 𝛿h-peak) increased as the JRC value increased, but any 
variation in 𝛿h-peak with the initial normal stress was not apparent. 
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 It is clear that the joint shear stiffness is a function of the joint surface 
roughness and the level of initial applied normal stress. 
 




6 DEVELOPMENT OF NEWANALYTICAL MODEL 
6.1 INTRODUCTION 
Several researchers have emphasised the fact that a constant normal stiffness (CNS) 
boundary condition is more appropriate for many field situations than constant 
normal stress (CNL) boundary conditions (Heuze, 1979; Leichnitz, 1985; Johnston et 
al., 1987; Ohnishi & Dharmaratne, 1990; Saeb & Amadei, 1990, 1992; Indraratna et 
al., 1999; Jiang et al., 2004). Unlike CNL boundary conditions, only a few methods 
have been proposed to model the shear behaviour of rough rock joints under CNS 
conditions (Heuze, 1979; Saeb & Amadei, 1990, 1992; Skinas et al., 1990; Indraratna 
& Haque, 2000). 
Heuze (1979) proposed a concept of bi-dilation for modelling the shear behaviour of 
a rock joint under CNS boundary conditions by assuming that the asperities are rigid 
and regular in shape. Goodman (1980) presented a graphical method of coupling 
normal and shear deformations and dilatancy laws for rough joints and analysing 
path dependency for the case in which no dilatancy is permitted during shear under 
normal displacement controlled, but not necessarily strictly CNS conditions. 
Similarly, Saeb & Amadei (1990, 1992) proposed both graphical and analytical 
methods to predict the shear behaviour of rock joints under CNS boundary 
conditions by knowing the shear behaviour of a joint under CNL boundary 
conditions and the joint closure response. Skinas et al. (1990) described a joint model 
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based on CNS by adopting the concept of mobilised dilation initially proposed by 
Barton (1982) for CNL conditions. Indraratna & Haque (2000) used the Fourier 
function coupled with the energy consideration proposed by Seidel & Haberfield 
(1995) to model the shear behaviour of an unfilled joint with triangular-shaped 
regular asperities. 
The modelling methods proposed by Saeb & Amadei (1990, 1992) and Skinas et al. 
(1990) are based on the assumption that the shear behaviour of a rock joint is 
independent of the stress history. However, as noted by Indraratna & Haque (2000), 
this assumption may not always be applicable because increasing normal stress 
during shearing may cause different levels of asperity damage along the joint 
interface. Although the models proposed by Heuze (1979) and Indraratna & Haque 
(2000) consider the dependence on CNS stress path, they may not represent the true 
behaviour of natural joints, because, these models were only validated for synthetic 
joint surfaces with regular shaped asperities. Furthermore, as Indraratna et al. (2010) 
suggested, in practice, a considerable number of Fourier coefficients are required to 
predict the accurate shear behaviour of rock joints, and this is often cumbersome. 
It is therefore a key objective of this study to develop a simpler and more efficient 
analytical model that can represent the shear behaviour of natural rough rock joints 
and be able to capture the asperity damage occurring under CNS stress history. The 
proposed analytical model was verified using the experimental results of three 
different types of rough joint specimens.  
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6.2 MODELLING PEAK DILATION RATE 
By adopting the concept of joint bi-dilation proposed by Heuze (1979) to rough 
natural joints under CNS shearing, the increment of normal displacement (d𝛿v) can 





































  (6.1) 
In the above, d𝛿h is an increment of shear displacement, d𝜎n is an increment of 
normal stress, (∂𝛿v /∂𝛿h) 𝜎n is the rate of joint opening or dilation where normal stress 
does not vary with shear displacement (i.e., (∂𝛿v /∂𝛿h) 𝜎n = (∂𝛿v /∂𝛿h) CNL), and (∂𝛿v 
/∂𝜎n) 𝛿h is the rate of net joint closure due to compression at a shear displacement of 
𝛿h. In other words, (∂𝛿v /∂𝜎n) 𝛿h is a joint normal compliance at a displacement of 𝛿h 
(i.e., (∂𝛿v /∂𝜎n) 𝛿h = (1/kn) 𝛿h where (kn) 𝛿h is a joint normal stiffness at 𝛿h).  
Under CNS boundary conditions, the increment of normal stress (d𝜎n) can be 
expressed as: 
 vnn dKd    (6.2) 
where Kn is the constant normal stiffness at an external boundary. 
By combining Equations (6.1) and (6.2) and substituting (∂𝛿v /∂𝛿h) 𝜎n = (∂𝛿v /∂𝛿h) CNL 
and (∂𝛿v /∂𝜎n) 𝛿h = (1/kn) 𝛿h, the dilation rate of a joint subject to shear under CNS 
boundary conditions for any shear displacement 𝛿h can be obtained, thus: 









































It is assumed that joint dilation/opening and compression are positive for the sign 
convention used in Equation (6.3). Thus (kn) 𝛿h will have a negative value due to the 
result of joint closure, and therefore, the reduction in the rate of dilation depends on 
the ratio of Kn / (kn) 𝛿h in Equation (6.3). Experimental studies have shown that even 
a small amount of shear displacement from a fully mated position of the rough joint 
(i.e., (𝛿h/𝛿h-peak) ≤ 1) drastically reduces the degree of mating, and will consequently 
cause a large reduction in the normal stiffness of the joint (Bandis et al., 1983; Zhao, 
1997). However, it was also noted that the rate of reduction in the normal stiffness 
after peak shear displacement ((𝛿h/𝛿h-peak) > 1) is smaller (Bandis et al., 1983), and 
therefore the effect of net joint closure is not significant in the post-peak stage. 
Hence Equation (6.3) is more suitable for small shear displacements or the pre-peak 
stage (i.e., (𝛿h/𝛿h-peak) ≤ 1). In addition, any variation in the rate of dilation with shear 
displacement in the pre-peak stage cannot be predicted using Equation (6.3), unless 
the variation of the dilation rate with the shear displacement under CNL conditions is 
known. Therefore, in this study Equation (6.3) will only be used to calculate the 
dilation rate at peak shear displacement ((𝛿h/𝛿h-peak) = 1).  
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It is assumed that the peak shear displacement (𝛿h-peak) corresponding to the peak 
stress ratio (𝜏/𝜎n) peak is similar for both CNS and CNL conditions (Leichnitz, 1985). 
Indraratna & Haque (2000) have also indicated that for specimens tested at various 
confining pressures, the displacement at peak shear stress for CNS is only 3-4 mm 
more than that of CNL, and at very high normal stress the difference is even less. 
Then the joint dilation rate at peak shear displacement (𝛿h/𝛿h-peak = 1) under CNL can 





































In the above, JRC is the joint roughness coefficient, JCS is the compressive strength 
of the joint surface, 𝜎*n is the applied normal stress, and M is the damage coefficient 
which has been given a value of 1 or 2 for shearing under low normal stress or high 
normal stress, respectively. In Equation (6.4), 𝜎*n does not vary with shear 
displacement based on the external boundary condition, thus 𝜎*n = 𝜎n0 for CNS 
boundary conditions.  
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In order to determine the joint normal stiffness at peak shear displacement, the 
following derivation method was used in this study and discussed hereafter.  
The stiffness of a rock joint is modelled by connecting the upper and lower joint 
surfaces with two orthogonal springs, which represent the normal stiffness (kn) and 
the shear stiffness (ks) of the joint (Bandis, 1990). Due to the orthogonality of the 
spring connection, the normal deformation of joint under shear and normal loading 
can be analysed independently as a spring system by using the method of 
superposition (Figure 6.1). 
 
 
Figure 6.1 Nonlinear spring model for simulating rock joint normal deformation at 
stages of prior to and peak of shearing.  
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Several experimental results have shown that the normal stress-displacement 
behaviour of a joint under uniaxial loading is non-linear (Bandis et al., 1983), so it is 
reasonable to assume that the joint behaves similar to a non-linear spring system. 
Hence the normal stiffness of spring kn can be derived by differentiating the applied 

































Extension (+𝛿Tv) and shortening/compression (-𝛿
T
v) of the spring are positive and 
negative as per the sign convention, respectively. Stage I represents the spring 
system prior to preloading or normal loading where it is assumed that the spring has 
a finite initial stiffness kni (i.e., joint initial normal stiffness at 𝜎*n is nearly zero). 
Stage II represents the preloading or normal loading to the matching joint before 
shearing. At this stage, shortening of spring 𝛿cv (i.e., initial joint closure) for any 
level of 𝜎*n can be calculated from Bandis et al.’s (1983) hyperbolic equation, thus: 

























where Vm is the maximum shortening (joint maximum closure). Both kni and Vm are 
assumed to be negative (closure).  
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By differentiating Equation (6.6) with respect to 𝜎*n, the spring stiffness (joint 










































At stage III, it can be assumed that the joint dilates/opens by 𝛿dv due to the peak 
shear displacement of 𝛿h-peak, and the rate of change of normal stress with shear 
displacement is zero. Hence 𝛿dv can be calculated by integrating Equation (6.4) with 
respect to shear displacement in the range of 0 < 𝛿h ≤ 𝛿h-peak: 

























  (6.8) 
Then the total normal deformation of the spring (𝛿Tv) for stage III can be expressed 
as: 











  (6.9) 
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By differentiating Equation (6.9) with respect to 𝜎*n, the following incremental 























































































































By rearranging Equation (6.7) the following equation is obtained: 






























By substituting Equations (6.11) and (6.12) into Equation (6.10) and then 
rearranging, the stiffness of the spring at the peak shear displacement 𝛿h-peak (i.e., 
normal stiffness of joint at peak shear displacement) is given by: 































































































where 𝜎*n = 𝜎n0 (initial normal stress in the CNS boundary condition) 
Equation (6.13) also can be rewritten as: 















































  (6.17) 
Here, kni is the initial joint normal stiffness at zero normal stress level, Vm is the 
maximum closure of the joint, and 𝜎n0 is the initial normal stress. 
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By combining Equations (6.3), (6.4) and (6.14) and substituting 𝜎*n = 𝜎n0 as the 
initial normal stress in Equation (6.4), the following equation for calculating the peak 
dilation rate ( peakv ) under CNS direct shearing can be obtained: 































v  (6.18) 
In Equation (6.18), the peak dilation rate ( peakv ) is governed by the shape, strength, 
and stiffness of asperities on the joint surfaces, the level of applied initial normal 
stress, and the external boundary stiffness. 
6.3 MODELLING VARIATION OF DILATION RATE WITH SHEAR 
DISPLACEMENT 
Figure 6.2 shows the conceptual variation of the dilation rate ( v =d𝛿v/d𝛿h) with the 
ratio of shear displacement to peak shear displacement (𝛿h/𝛿h-peak) for a joint 
subjected to direct shear under CNS boundary conditions. As illustrated in Figure 
6.2, the variation of the dilation rate can be characterised by three major zones on the 
basis of 𝛿h/𝛿h-peak. At the beginning of shearing, the contact asperities on the 
opposing joint surfaces will tend to compress elastically under application of: (a) the 
initial normal load, and (b) the increased shear load, before sliding against each other 
(Haberfield & Johnston, 1994). As a consequence, dilation will be postponed in a 
small range of shear displacement at the beginning of shearing. 
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Hence, it is assumed that the dilation rate is zero for the range of 0 < 𝛿h/𝛿h-peak ≤ c0, 
thus v  = 0 (Figure 6.2). 
Furthermore, as noted by (Barton et al., 1985; Olsson & Barton, 2001), the value of 
c0 at which dilation is assumed to begin is about 0.3 for rough rock joints. In other 
words, at point c0, the frictional resistance to sliding of the contact asperities must be 
overcome in order for the contact asperities to slide over each other. 
 
 
Figure 6.2 Proposed concept to calculate the variation of dilation rate with shear 
displacement. 
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In the region defined by c0 < 𝛿h/𝛿h-peak ≤1, where the opposing asperities slide 
against each other along their points of contact, the rate of dilation rises to its peak 
value where 𝛿h/𝛿h-peak = 1. To describe this variation in the dilation rate, an 




































  (6.19) 
where peakv  is the peak dilation rate (i.e., the dilation rate corresponding to the peak 
stress ratio (𝜏/𝜎n) peak), which was defined in Equation (6.18), and c0 is the ratio of 
𝛿h/𝛿h-peak at which dilation is assumed to begin. 
Beyond the peak shear displacement (i.e., 𝛿h/𝛿h-peak > 1), the dilation rate decreases 
continuously with shear displacement as a result of increasing damage to asperities at 
the joint interface (Plesha, 1987; Hutson & Dowding, 1990; Lee et al., 2001). In 
order to interpret this reduction in the dilation rate, the following exponential decay 






































  (6.20) 
where c1 and c2 are decay constants which can be calculated from the experimental 
data.  
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Therefore, the following combined equation is proposed to predict the variation of 




























































































































  (6.21) 
6.4 MODELLING SHEAR-DISPLACEMENT BEHAVIOUR 
Once the variation of dilation rate (d𝛿v /d𝛿h = v ) with the shear displacement 𝛿h is 








  (6.22) 
In Equation (6.22), the dilation rate v  can be obtained from Equation (6.21). 
Under CNS conditions, the normal stress applied to the joint also changes with shear 
displacement, so by integrating Equation (6.2), the normal stress 𝜎n at any shear 
displacement 𝛿h can be obtained as: 
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 vnnn K   0  (6.23) 
where 𝜎n0 is the initial normal stress, Kn is the external constant normal boundary 
stiffness, and 𝛿v is the normal displacement which can be calculated from Equation 
(6.22). 
By adopting the concept of mobilised roughness as proposed by (Barton, 1982) for 
the CNS condition, the mobilised shear stress (𝜏mob) at the shear displacement 𝛿h can 
be expressed as: 
 mobnmob  tan  (6.24) 
where 𝜎n is the normal stress at a shear displacement 𝛿h which can be calculated from 
Equation (6.23), and 𝜙mob is the mobilised friction angle which includes the 
contributions of the dilation angle i and the basic friction angle 𝜙b, thus: 
 ibmob   (6.25) 
In the above, the dilation angle i can be calculated as: 
  vi arctan  (6.26) 
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By combining Equations (6.23) – (6.26), the mobilised shear stress (𝜏mob) for any 
shear displacement 𝛿h under CNS can be calculated by the following equation: 


































  (6.27) 
The mobilised shear behaviour represented by Equation (6.27) is valid when the 
roughness (asperities) begins to mobilise in the joint interface. Hence Equation (6.27) 
does not describe the shear behaviour within a small range of strain at the beginning 
of shearing, so for the initial small range of shear displacement, the shear behaviour 
may be assumed to be elastic by considering the joint shear stiffness, ks. By including 

















  (6.28) 
The joint shear stiffness ks can be calculated from the gradient of the shear stress-
shear displacement curve at the beginning of shearing, but the value of ks depends on 
the applied normal stress and the joint surface roughness.  
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6.5 EVALUATION OF MODEL INPUT PARAMETERS  
The model parameters used in this study can be easily evaluated through 
conventional laboratory testing. The procedures of estimating these model 
parameters are briefly described hereafter. Joint roughness coefficient (JRC) can be 
quantified by using a 3D laser scanner and this quantification method is further 
explained in Chapter 4. Compressive strength of joint surface (JCS) can be assumed 
as the uniaxial compressive strength of intact rock (𝜎c) as the joint surfaces are fresh 
(i.e. unweathered surface) (Barton & Choubey, 1977). Joint normal deformational 
parameters such as joint maximum closure (Vm) and joint initial normal stiffness (kni) 
can be determined from joint closure tests (Chapter 4). The basic friction angle (𝜙b) 
can be measured through tilt table tests on the dry saw-cut surface of a specimen 
(Chapter 3). The empirical constants c0, c1 and c2 can be calculated by the non-linear 
regression analysis of experimental data. The input parameters used in this study are 
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Table 6.1 Input parameters used for prediction of shear behaviour of joints. 
a
 shear displacement at peak stress ratio (𝜏/𝜎n) peak;  
b























c0 c1 c2 
RSW 0.4 7.3 65.6 2.30 5.35 0.43 0.56 0.202 30 0.3 0.3 1.2 
0.8 7.3 65.6 2.35 5.35 0.43 0.56 0.356 30 0.3 0.3 1.2 
1.6 7.3 65.6 2.40 5.35 0.43 0.56 0.665 30 0.3 0.3 1.2 
             
RSR 0.4 10.4 65.6 2.30 9.83 0.44 0.56 0.274 30 0.3 0.3 1.2 
0.8 10.4 65.6 2.40 9.83 0.44 0.56 0.480 30 0.3 0.3 1.2 
1.6 10.4 65.6 2.50 9.83 0.44 0.56 0.783 30 0.3 0.3 1.2 
             
RSY 0.4 15.3 65.6 3.30 10.1 0.34 0.56 0.360 30 0.3 0.3 1.2 
0.8 15.3 65.6 3.45 10.1 0.34 0.56 0.585 30 0.3 0.3 1.2 
1.6 15.3 65.6 3.60 10.1 0.34 0.56 0.850 30 0.3 0.3 1.2 
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6.6 COMPARISON BETWEEN PREDICTED AND EXPERIMENTAL 
RESULTS 
The analytical model is employed to predict the shear behaviour of rough natural 
joints using Equations (6.1) to (6.28) under the CNS condition. A comparative 
discussion of the predicted and experimental results in relation to peak dilation rate, 
variation of dilation rate with shear displacement, shear stress, normal stress, dilation 
and stress paths for three different types of rough joints is given below: 
6.6.1 Peak dilation rates 
Figure 6.3 shows the comparison between the measured and predicted (Equation 
(6.18)) peak dilation rates for RSW, RSR and RSY joints under different levels of 
initial normal stress. For relatively low initial normal stress (𝜎n0 = 0.4 MPa), asperity 
damage upon shearing was not expected, thus the damage coefficient M = 1 in 
Equation (6.18). However, for relatively high initial normal stress (𝜎n0 = 0.8 and 1.6 
MPa), due to greater asperity damage, M was assumed to be 2 in Equation (6.18). In 
addition, all other input parameters used in Equation (6.18) are given in Table 6.1. 
As shown in Fig. 9, the measured values agree well with the predicted values at high 
initial normal stresses for all three joints, although the predicted values seem to be 
slightly higher than the measured values at an initial normal stress of 0.4 MPa. This 
is possibly because no significant asperity damage was expected at relatively low 
initial normal stresses (i.e., based on M = 1 in Equation (6.18)), but the test 
specimens showed that slight asperity damage had occurred, thereby reducing the 
measured peak dilation rate.  
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To further elucidate the differences between the predicted and measured peak 
dilation rate, M was back calculated using Equation (6.18), and it was found to be 
around 1.3 for an initial normal stress of 0.4 MPa for all three joints. It is also clear 
that the peak dilation rate decreases with an increasing initial normal stress, but 
increases with increasing JRC. 
 
 
Figure 6.3 Comparison between measured and predicted peak dilation rates.  
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6.6.2 Variation of dilation rate with shear displacement 
Figures 6.4-6.6 show the variation of the dilation rate with the ratio of 𝛿h/ 𝛿h-peak 
based on the experimental results and the proposed model (Equation (6.21)) for 
RSW, RSR and RSY joints under different initial normal stresses. Through a non-
linear regression analysis, the decay constants c1 and c2 for all three joints were 
found to be 0.3 and 1.2, respectively. Similarly, the value of c0 was found to be 
around 0.3 which agrees with the findings of earlier studies (Barton et al., 1985; 
Olsson & Barton, 2001). As shown in Figures 6.4-6.6, the measured dilation rate 
with the ratio of 𝛿h/ 𝛿h-peak generally agrees well with the predicted values based on 
Equation (6.21) at each level of 𝜎n0 for all three joints.  
In the case of the RSW joints, once the 𝛿h/ 𝛿h-peak exceeded around 4 (i.e., 𝛿h ≈ 9 
mm), the measured rate of dilation approached an almost constant value (Figure 6.4), 
which is in contrast to the RSR joints (Figure 6.5). This can be attributed to fact that 
the accumulation of gouge in the joint interface reduces the degree of asperity 
damage on the surfaces of the RSW joints (JRC = 7.3) compared to the surfaces of 
the RSR joints (JRC = 10.4). In other words, a small amount of accumulated gouge 
may significantly reduce the intimate contact between opposing asperities in 
relatively low roughness joint interfaces, as the ratio of accumulated gouge to 
asperity height increases (Indraratna et al., 1999). This observation can be further 
interpreted as gouge rolling taking over surface sliding to a significant extent in joint 
interfaces of relatively low roughness (Zhao, 2013). 
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For a joint with higher roughness (JRC = 10.4 and 15.3) sheared at a lower initial 
normal stress (𝜎n0 = 0.4 MPa), the dilation rate is dominated by the primary 
asperities. This is reflected by the post-peak dilation rate that fluctuates significantly 
(sinusoidally) compared to the relatively smooth predicted curve (Figures 6.5 and 
6.6). In contrast, at higher initial normal stresses (𝜎n0 = 0.8 and 1.6 MPa), the 




Figure 6.4 Verification of proposed conceptual model of variation of dilation rate 
with experimental data for RSW (JRC = 7.3) joints. 




Figure 6.5 Verification of proposed conceptual model of variation of dilation rate 
with experimental data for RSR (JRC = 10.4) joints. 
 
Figure 6.6 Verification of proposed conceptual model of variation of dilation rate 
with experimental data for RSY (JRC = 15.3) joints. 
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6.6.3 Shear stress 
Equation (6.28) was used to calculate the shear stress-shear displacement relations at 
various initial normal stress (𝜎n0) for RSW (JRC = 7.3), RSR (JRC = 10.4) and RSY 
(JRC = 15.3) rough joints. Input parameters used for the prediction of shear 
behaviour of rough joint are listed in Table 6.1. Predicted shear stress-shear 
displacement behaviours of three rough joint specimens are superimposed on the 
laboratory test results, and are shown in Figures 6.7a, 6.8a and 6.9a. It is observed 
that the predicted shear stress-shear displacement relations are closely matched with 
the experimental results.  
6.6.4 Normal stress 
The change in normal stress with shear displacement was calculated using Equation 
(6.23) for all types of joints. The predicted normal stress with shear displacement for 
RSW (JRC = 7.3), RSR (JRC = 10.4) and RSY (JRC = 15.3) joints at different initial 
normal stress is shown in Figures 6.7b, 6.8b and 6.9b, respectively. It is verified that 
Equation (6.23) can predict the normal stress to be in close agreement with the 
experimental results. 
6.6.5 Dilation 
The dilation of the joint with shear displacement for various initial normal stresses 
(𝜎n0) was calculated using Equation (6.22) for RSW (JRC = 7.3), RSR (JRC =10.4) 
and RSY (JRC = 15.3) joints. As shown in Figures 6.7c, 6.8c and 6.9c, the predicted 
dilation curves fit the experimental results closely.  




Figure 6.7 Verification of predicted shear behaviour with experimental data for RSW 
(JRC = 7.3) joints. 




Figure 6.8 Verification of predicted shear behaviour with experimental data for RSR 
(JRC = 10.4) joints. 




Figure 6.9 Verification of predicted shear behaviour with experimental data for RSY 
(JRC = 15.3) joints. 
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6.6.6 Stress paths 
The predicted and measured stress paths for three types of rough joints (RSW, RSR, 
and RSY) at different initial normal stresses are shown in Figures 6.10, 6.11 and 
6.12. The predicted stress paths were drawn based on the predicted values of shear 
stress (Equation (6.28)) and normal stress (Equation (6.23)) for three types of rough 
joints at various initial normal stresses (𝜎n0). As can be observed, the shapes of both 
the predicted and measures stress paths are similar. This observation further validates 
the accuracy of model predictions. 
 
 
Figure 6.10 Comparison between predicted and measured stress paths for RSW (JRC 
= 7.3) joints. 




Figure 6.11 Comparison between predicted and measured stress paths for RSR (JRC 
= 10.4) joints 
 
Figure 6.12 Comparison between predicted and measured stress paths for RSY (JRC 
= 15.3) joints. 
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6.7 MODEL LIMITATIONS 
In many real situations where CNS conditions are applicable (e.g. unstable block in a 
mine or tunnel roof, reinforced wedges sliding downslope, vertical displacement of a 
rock-socketed concrete pile etc.), the potential primary direction of shear is well-
defined. Therefore, within the scope of this study, while the primary sliding plane 
under CNS has been the focus, the effects of multi-directional shear behaviour have 
not been considered. However, the role of multiple sliding directions that produce 
different shear strengths is important in a true 3D sliding domain. Although the 
reverse shearing was not conducted, it is expected that the reverse direction would 
give a different stress-strain response compared to the forward direction, as the 
asperity profile is irregular. The damage coefficient M was used as an index to 
account for asperity damage. However, M is probably dependent on the initial 
normal stress, as well as influenced by other factors such as the joint roughness and 
its wall strength. 
The effect of scale on the behaviour of the joint was not considered in this study. 
While the value of constant normal boundary stiffness (Kn = 0.56 MPa/mm) used in 
this study is reasonable to a sedimentary jointed rock, a different range of Kn values 
may be required for stiffer rock types. Although the proposed analytical model was 
only validated for three different types of rough joints (JRC = 7.3, 10.4 and 15.3) 
with a range of (JCS/𝜎n0) = 41-164, further model validation is desirable for different 
values of JRC and a wider range of JCS/𝜎n0. 
 




An analytical model to predict the real shear behaviour of joints under CNS 
boundary conditions has been presented and verified with a range of experimental 
data. The proposed analytical model emphasises that by modelling the dilation of a 
joint under CNS boundary conditions, the complete behaviour of the joint under a 
CNS stress path can be described. The experimental results indicated that the 
response of rough joints under CNS boundary shearing was greatly affected by 
damage to asperities, the extent of which increased with an increasing initial level of 
normal stress and joint roughness. The gouge material formed as a result of damage 
to the asperities slowed down any further damage, an effect that was more 
pronounced in less rough joints. The variation in the rate of dilation with shear 
displacement that was described by Equation (6.21) could capture the effect of 
asperity damage under CNS conditions along with other governing parameters such 
as the joint surface roughness (JRC), compressive strength of joint wall (JCS), level 
of initial normal stress (𝜎n0), and boundary normal stiffness (Kn). The model 
parameters used in this study can be obtained through conventional or well-
established laboratory tests. 
Model validations further confirm that the proposed modelling methodology 
describes the real shear behaviour of rough joints under CNS boundary conditions, 
when the characteristics of the joint surfaces are determined accurately. On the other 
hand, by knowing the surface roughness of a joint (JRC) and the compressive 
strength of the joint wall (JCS), the model parameters such as the maximum joint 
closure (Vm), initial joint normal stiffness (kni), shear stiffness (ks), asperity damage 
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coefficient (M), and shear displacement corresponding to peak stress ratio (𝛿h-peak) 
can be correlated with JRC and JCS. 




7 PRACTICAL APPLICATIONS 
7.1 INTRODUCTION 
This chapter will discuss applications of the proposed analytical model to 
geotechnical engineering problems such as underground excavations or tunnels in 
jointed rock mass, and rock slopes. First, this chapter presents the stability analysis 
of a rock slope with a tension crack supported by untensioned grouted bolts. It will 
also discuss the stability analysis of an unstable rock block on the roof of a tunnel. In 
this analysis, the stiffness of the surrounding rock was considered to be constant, 
while the normal stress continued to vary during joint deformation. 
7.2 STABILITY ANALYSIS OF ROCK SLOPE 
A practical application of the proposed analytical model is demonstrated using a 
simplified hypothetical example of a rock slope stabilisation using untensioned 
grouted bolts, as shown in Figure 7.1. In this example, the rock wedge has a slope 
angle of θs and it contains an unfilled joint at a dip angle of θj along with a tension 
crack in the upper surface.  
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By considering the unit thickness to be normal to the slope plane, the weight of the 


































where, H is the height of the slope, zt is the depth of the tension crack, and γr is the 
unit weight of the intact rock. 
 
 
Figure 7.1 Rock slope stabilised with untensioned rock bolts.  
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If the slope is assumed to be dry, i.e. no water pressure has developed inside the 
tension crack or on the surfaces of the joint, and then the initial normal stress 𝜎n0 











  (7.2) 






  (7.3) 
As suggested by Pells (1974), Pellet & Egger (1996) and Indraratna & Haque (2000), 
untensioned fully grouted bolts will work very well on a rough rock joint because it 
will dilate during shear movement. This dilation creates tensile forces in the bolts, 
and depending on the stiffness of the bolt and the grout, additional normal stress will 
be generated on the joint surface. Therefore, the CNS boundary condition is better at 
describing the shear behaviour of this joint interface. Assuming that the bolt-grout- 
rock composite introduces a normal constant stiffness to the joint at small to 
moderate strains which does not cause the bolt or grout to yield, then as the joint 
dilates by 𝛿v (displacement perpendicular to the joint plane), the tension force 
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where, Eb is the elastic modulus of the bolt, Ab is the cross sectional area of the bolt, 
L is the effective length of the grouted bolt, and ω is angle of the bolt to the 
horizontal. By knowing the characteristics of the joint surface, dilation (𝛿v) can be 
predicted at any normal stress using the methodology proposed in this study 
(Equation (6.22)). To achieve a desired level of stability, n numbers of untensioned 
bolts need to be installed at a spacing of sh along the slope face. Thus, the total 






T   (7.5) 












0  (7.6) 
Equation (7.6) is similar to Equation (6.23). Thus the boundary normal stiffness Kn 
applied by the bolts across the joint can be simulated using Equation (7.6).  
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If the stiffness of the grouted bolt annulus is neglected, then Eb and Ab are 
predominantly those of steel, so for a simple limit equilibrium analysis, the factor of 














  (7.7) 
In Equation (7.7), τ is the resisting shear stress along the joint as defined by the 
proposed Equation (6.28). 
In this analysis, the RSW (JRC = 7.3), RSR (JRC = 10.4) and RSY (JRC = 15.3) 
rough joints are taken to be representative of the rock joints in the slope. Consider 
that the slope illustrated has dimensions H = 30. 5 m, zt = 15 m, θs = 80° and θj = 45°, 
and the unit weight of the intact rock γr is 27.5 kN/m
3
. The initial normal stress 𝜎n0 
acting on the joint surface, which was calculated from Equation (7.2), is 
approximately 0.40 MPa. The rock bolts are 40 mm in diameter, and Lb = 1.0 m, ω = 
15°, sh = 1.5 m and n = 30. Assuming Eb = 200 GPa, the normal stiffness applied to 
the joint by all the bolts is approximately Kn = 0.56 MPa/mm (from Equation (7.6)). 
Therefore, the joint dilation 𝛿v and the resisting shear stress 𝜏 used in Equations (7.4) 
and (7.7) are represented by Equations (6.22) and (6.28) with corresponding model 
parameters for JRC = 7.3, 10.4 and 15.3 at 𝜎n0 = 0.40 MPa, as shown in Table 6.1.  
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The factors of safety calculated from Equation (7.7) for all three joints with 
cumulative shear displacement are shown in Figure 7.2. Up to a peak shear 
displacement (i.e. about 2.5 mm), there is only a small difference in FS between all 
three joints, but as the shear displacement increases, the rougher joint surface (JRC = 
15.3) shows a larger increase in FS compared to the less rough joints (JRC = 10.3 
and 7.3). It is clear that the untensioned grouted bolts function more effectively when 
the joints dilate. It is also noted that in addition to selecting proper boundary 
conditions, a correct estimation of the joint surface roughness (i.e., JRC) plays an 
important role in calculating the factor of safety. 
 
Figure 7.2 The factor of safety (FS) with increasing shear movement of reinforced 
rock wedge.  
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7.3 STABILITY OF A ROCK BLOCK FORMED IN THE ROOF OF A 
TUNNEL  
The roof of a tunnel in a jointed rock will often contain blocks whose stability 
depends on the their geometry, the mechanical properties of the joints bounding the 
blocks, the deformability of the block and the surrounding rock mass, and the stress 
within rocks (Brady & Brown, 1985; Sofianos, 1986; Yow & Goodman, 1987; 
Goodman & Boyle, 1987). As illustrated in Figure 7.3, the block called A is critical 
because it tends to fall freely due to its own weight. But it does not simply fall from 
the roof with unrestricted opening/dilation of bounding joints because any downward 
displacement of the block will produce some component of displacements parallel to 
each joint. Thus if each joint is rough, it will tend to dilate. However, the tendency of 
the surrounding rock mass to oppose joint dilation maintains the contact between the 
block and the surrounding rock mass. 




Figure 7.3 Tunnel in jointed rock mass with joints intersecting to form rock blocks 
(modified from Yow & Goodman, 1987). 
Goodman & Boyle (1987) emphasised that the deformation of the surrounding rock 
mass is mainly influenced by the stability of the blocks. They presented a method for 
analysing the stability of a block based on assuming that the surrounding rock is 
rigid, which implies that the joints undergo shear under constant normal 
displacement boundary conditions (i.e. normal stiffness applied onto the boundary of 
a joint is infinity, Kn   ∞). In other words, their case study may be characterised as 
that of a rigid wedge in a stiff medium. This assumption may not be true if the rock 
surrounding the block itself is deformable, but the deformability of the rock mass can 
be incorporated using the method proposed by Goodman & Boyle (1987). In this 
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analysis how the stiffness of the surrounding rock mass could affect the stability of a 
block falling from the roof of a tunnel. In this case the joints bounding a block 
sliding out of the roof may have constant normal stiffness (CNS) boundary 
conditions. For simplicity, the block was first assumed to be rectangular, with 
vertical parallel sides and a horizontal base, as shown in Figure 7.4. In order to find 
the initial stresses acting on the joints (e.g. initial normal stress σn0), an elastic 
analysis can be performed by assuming that the rock mass is a continous, elastic, 
homogeneous and weightless medium. For cases with a non-hyrostatic bi-axial stress 
field and circular openings, Sofianos et al. (1999) proposed the following equation to 
calculate the initial horizontal lateral force acting on the wedge H0: 






















































































H  (7.8) 
where p is the vertical principal stress given by zr  ( r = unit weight of rock, z = 
depth below the surface), 0K  is the ratio of horizontal principal stress to vertical 
principal stress, R  is the radius of the opening and h is the height of the 
wedge/block. 
In the case of a rectangular rock block, the initial shear stress τ0 is zero and the initial 
normal stress σn0 can be calculated by: 








0   (7.9) 
where h is the height of a rectangular rock block and 0H is the initial horizontal force 
which can be calculated from Equation (7.8). 
 
Figure 7.4 Free body diagram of a rock block with vertical parallel sides, above a 
tunnel roof (modified from Goodman & Boyle, 1987). 
If the bounding joints have exactly the same mechanical properties, the block must 
displace vertically downwards and any changes in stress must be identical on both 
joints due to its symmetry, thus always satisfying horizontal equilibrium. As a 
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F  required to maintain vertical equilibrium can be expressed as a fraction of weight 









1  (7.10) 
where,   is the average shear stress along the vertical joints, r is the unit weight of 
the rock, and b is the width of the block. In equation (7.10), the sign of WF has 
been changed to show a positive value when support must be applied for stability, 
whereas a negative value implies that the blocks can be self-supporting (Goodman & 
Boyle, 1987; Yow & Goodman, 1987). This is further elucidated in Figure 7.5. 
 
Figure 7.5 Typical block reaction curves for stable, marginal and unstable falling 
blocks (after Yow & Goodman, 1987). 
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For example, the RSW (JRC = 7.3), RSR (JRC = 10.4) and RSY (JRC = 15.3) rough 
joints presented in this study were assumed to be representative of the rock joints 
bounded with a block where b = 5 m and r = 28 kN/m
3
 at three different locations. 
By assuming an initial horizontal normal stress σn0 = 0.4, 0.8 and 1.6 MPa at three 
different depths, respectively (those values could be determined from Equation 
(7.9)), the surrounding rock mass will be creating a constant normal stiffness 
boundary conditions on these joints with a stiffness of 0.56 MPa/mm. In Equation 
(7.10),   can be calculated by using the proposed analytical model equation (6.28) 
with corresponding model parameters for JRC = 7.3, 10.4 and 15.3 at σn0 =  0.4, 0.8 
and 1.6 MPa in Table 6.1, and thus the ratio of WF can be determined as the 
function of the shear displacements or vertical displacement of the block. 
Figure 7.6 shows the effect of the levels of initial normal stress on the amount of 
support required. As Figure 7.6 shows, even at a low initial normal stress (σn0 = 0.4 
MPa), a block can be self-supporting because a small vertical displacement (2 mm) 
can still produce enough normal and shear stress due to the CNS boundary 
conditions. Alternatively, the need for support decreases as the initial normal stress 
(i.e. initial horizontal principal stress) increases. 
Figure 7.7 shows how the joint surface roughness affects the extent of support 
required, which proves that the stability of the block depends mainly on the joint 
roughness that is closely related to joint dilatancy. As expected, the need for support 
decreased as the JRC increased, but this effect was more pronounced than the initial 
normal stress. 




Figure 7.6 Variation of WF  ratio with block vertical displacement for different 
initial normal stresses (JRC = 10.4). 
 
Figure 7.7 Variation of the WF  ratio with vertical displacement of blocks for 
different joint surface roughnesses at an initial normal stress of 0.8 MPa. 




8 CONCLUSIONS AND RECOMMENDATIONS 
8.1 GENERAL 
The shear behaviour of rough rock joints is complex because the stress-strain 
response is governed by non-uniform asperity damage and gouge material that 
accumulates on the joint interfaces. The deformational mechanisms of joints should 
be studied and quantified to facilitate a realistic mathematical framework for joint 
shearing which captures this phenomenon. The current study considered this and 
presented an experimental and analytical investigation into the shear behaviour of 
rough joints with asperity damage under CNS condition. 
 A program of laboratory tests was carried out with three different types of rough 
joint specimens having mean JRC values of 7.3, 10.4, and 15.3. Based on these tests, 
a new method to characterise the evolution of asperity damage and production of 
gouge on the joint surfaces was proposed. The results from this approach to 
characterisation were further enhanced by our fundamental understanding of asperity 
damage and gouge accumulation on the joint interface. As a consequence, a new 
analytical model that represents the shear behaviour of natural rough rock joints and 
capture the asperity damage that occurs under a CNS stress history was developed, 
and then validated with a range of experimental data. Moreover, applications of the 
model to analysing the stability of jointed rock slopes and unstable block in the roof 
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of a tunnel were presented. The specific conclusions of this study are presented 
below. 
8.2 CHARACTERISATION OF ASPERITY DEFORMATION 
 This study proposed a novel technique for a three-dimensional 
characterisation of asperity deformation under CNS shear testing. 
 The proposed approach quantifies the asperity damage and gouge that 
accumulates during joint shearing based on the deviations in the heights of 
the asperities (Δz). 
 This proposed method of characterisation resulted in contour maps and a 
spectrum of grey-scale shades that represent the intensity of asperity damage 
and gouge accumulation within the joints. 
 Most of the gouge zones in the upper joint surfaces are similar in shape, size, 
and location to the asperity damaged zones on the lower surfaces. 
 The test results also indicate that some of the gouge material formed on the 
upper surface actually originated and transferred from the lower surfaces, and 
vice-versa. 
 The asperity damage and gouge accumulation increased with the initial 
normal stress and with JRC, which indicated that the highest amount of joint 
degradation occurred at 0n  = 1.6 MPa and JRC = 10.4, and the least amount 
of degradation occurred at 0n  = 0.8 MPa and JRC = 7.3. 
 The associated dilation angle ( i ) decreased by up to 90% of its peak value for 
the RSR joint (JRC = 10.4) compared to a 60-70% decrease for the RSW 
joint (JRC = 7.3) at a maximum shear displacement of 15 mm. 
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 The dilation angle approached an approximately constant value once the 
shear displacement exceeded 9 mm for the RSW joints, in contrast to the 
RSR joints. This could be attributed to the accumulated gouge on the less 
rough surfaces that retarded the progression of asperity damage compared to 
the joint surfaces with a higher roughness. 
 The dilation angle ( i ) and the mobilised friction angle ( mob ) showed similar 
tendencies because the inherent correlation between these two parameters 
could be ibmob  , where b is the basic friction angle. 
8.3 SHEAR BEHAVIOUR OF ROUGH JOINTS UNDER CNS 
 The shear stress-strain curve for the joint under CNS showed a quasi-elastic 
behaviour at the beginning of shearing (i.e., for 𝛿h < 2 mm), followed by 
some slight strain hardening. 
 When the initial normal stress increased the accumulated gouge (following 
asperity damage) would compact and spread itself more evenly along the 
joint surfaces and subdue the effect of the remaining asperities (roughness). 
This resulted in a relatively ductile shear stress-strain deformation over a 
considerable range of shear movements (3 mm < 𝛿h < 15 mm). 
 However, other mechanisms may also explain this ductile shear stress-strain 
deformation to some extent. For instance, on the basis of laboratory testing 
(e.g. Pereira & Freitas, 1993) and numerical modelling (e.g. Zhao, 2013) 
sliding friction may become secondary as rolling friction becomes 
increasingly pronounced along the joint interface, as a result of the formation 
of gouge material. 
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 The rate of increase in normal stress with shear displacement decreased with 
the increase in the initial normal stress. This was associated with asperity 
damage, even though the joint with relatively high roughness increased in 
normal stress quite considerably compared to the joint with relatively low 
roughness, at a particular initial normal stress. 
 The normal displacement behaviour (volume change) of rough joints showed 
a small contraction initially, until a shear displacement of 1 mm appeared. 
This was followed by dilation, but then the dilation decreased as the initial 
normal stress increased. 
 The pronounced stick-slip behaviour that occurred after an initial quasi-
elastic phase (i.e., for 𝛿h > 2 mm) could be partly attributed to the uneven 
asperity degradation and the amount of gouge that accumulated during 
shearing. 
 Stress paths developed under a lower level of initial normal stress (𝜎n0 = 0.4 
MPa) and propagated along the peak strength envelope over a considerable 
length. As the initial normal stress increased further (i.e., 𝜎n0 > 0.8 MPa), the 
stress paths reached the residual stage more rapidly, which shows that at 
higher values of 𝜎n0, only a limited shear displacement was required to 
produce substantial asperity damage. 
 The peak dilation rate increased with the increase in the JRC value, but it 
decreased when the initial normal stress increased in response to asperity 
damage. 
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 The variation in the peak stress ratio also showed a similar trend of peak 
dilation rate with the initial normal stress and JRC values, indicating that the 
peak stress ratio depends upon the peak dilation rate. 
 The shear displacement corresponding to the peak stress ratio (i.e., peak shear 
displacement defined as 𝛿h-peak) increased as the JRC value increased, but any 
variation in 𝛿h-peak with the initial normal stress was not apparent. 
 It was clear that joint shear stiffness is indeed a function of the joint surface 
roughness and the level of initial applied normal stress. 
8.4 THE NEW ANALYTICAL MODEL AND ITS APPLICATIONS 
 The proposed analytical model emphasises that by modelling the dilation of a 
joint under CNS boundary conditions, the complete behaviour of the joint 
under a CNS stress path can be described. 
 The variation in the rate of dilation with shear displacement that was 
described by Equation (6.21) could capture the effect of asperity damage 
under CNS conditions along with other governing parameters such as the 
joint surface roughness (JRC), compressive strength of the joint wall (JCS), 
level of initial normal stress (𝜎n0), and the boundary normal stiffness (Kn). 
 The model parameters used in this study could be obtained through 
conventional or well-established laboratory tests. 
 The predicted values of shear stress (Equation (6.28)), normal stress 
(Equation (6.23)) and dilation (Equation (6.22)) agreed with the experimental 
results for RSW, RSR, and RSY joints, respectively. 
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 Model validations further confirmed that the proposed modelling 
methodology could describe the real shear behaviour of rough joints under 
CNS boundary conditions, when the characteristics of the joint surfaces were 
determined accurately. On the other hand, by knowing the surface roughness 
of a joint (JRC) and the compressive strength of the joint wall (JCS), model 
parameters such as the maximum joint closure (Vm), initial joint normal 
stiffness (kni), shear stiffness (ks), asperity damage coefficient (M), and shear 
displacement corresponding to peak stress ratio (𝛿h-peak) could be correlated 
with the JRC and JCS. 
 While the constant normal boundary stiffness (Kn = 0.56 MPa/mm) used in 
this study was reasonable for a sedimentary jointed rock, a different range of 
Kn values may be required for stiffer rock types. Although the proposed 
analytical model was only validated for three different types of rough joints 
(JRC = 7.3, 10.4, and 15.3) with a range of (JCS/𝜎n0) = 41-164, further model 
validation is needed for different values of JRC and a wider range of JCS/𝜎n0. 
 The applicability of the proposed analytical model to a jointed rock slope has 
been demonstrated through a hypothetical example with untensioned grouted 
bolts. The analysis showed that evaluating the proper boundary conditions 
and properties of the joint interface could lead to an increased factor of 
safety. 
 Similarly, a stability analysis of rectangular rock block formed on the roof of 
tunnel was described while using the proposed analytical model. The analysis 
showed that the need for support decreased as the JRC increased, while the 
effect was more pronounced than for the initial normal stress.  
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8.5 FUTURE RECOMMENDATIONS 
 Further experimental efforts are needed to compare and contrast the effects of 
boundary normal stiffness on asperity degradation and associated gouge 
production. 
 Our understanding of the geomechanical processes of asperity damage and 
subsequent gouge accumulation would be further enhanced if the joint 
surface geometry could be measured at some intermediate points during 
shear, although this is very difficult to achieve in practice using conventional 
CNS equipment. 
 The current interpretations of asperity damage and gouge production were 
strongly influenced by the results of the proposed characterisation method, as 
well as by the direct visual observations of the sheared specimens. The actual 
impact of asperity damage and the related physical mechanisms cannot be 
properly evaluated by experimental studies alone. In this regard, a detailed 
numerical simulation of the shearing of natural joint geometries using the 
distinct element method (DEM) would be most beneficial. 
 The deviation of asperity height was used as a practical index to characterise 
the asperity damage and gouge that accumulated on the surfaces of the 
sheared joint. Nevertheless, advanced mathematical formulations (e.g. 
Fourier analysis of surface profiles (Indraratna & Haque, 2000)) in 
conjunction with distinct element analysis should provide more reliable or 
explicit relationships between the rate and magnitude of asperity damage, 
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gouge thickness, the applied stress level, and the degree of joint roughness 
(JRC). 
 Further validation of the analytical model could be carried out in the future 
based on different characteristics, including the effects of shear directions 
(i.e. cyclic behaviour of joints), boundary normal stiffness, and joint surface 
strength. 
 The new analytical model can be implemented into the commercial software 
UDEC or FLAC by writing a separate sub-routine in FISH language. It may 
also be programmed in MATLAB. 
 The analytical model can also be extended to predict the hydraulic behaviour 
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10 APPENDIX B 
Asperity Height Deviation Data 
The asperity height deviation data is typically bulk with containing 600600 square 
matrix. For instance, asperity height deviation sub matrix bounded with a small section 
of sheared upper surface of RSW joint at the initial normal stress of 1.6 MPa is given in 
this appendix. The 3D scanned data of upper surface of RSR joint before and after shear 
test is then given along with asperity height deviation maps as well. 
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Table B1. Asperity height deviation sub matrix. 
 
xi (mm)
yj (mm) 70 70.5 71 71.5 72 72.5 73 73.5 74 74.5 75 75.5 76 76.5 77 77.5 78 78.5 79 79.5 80 80.5 81 81.5 82 82.5 83 83.5 84 84.5 85 85.5 86 86.5 87 87.5 88 88.5 89 89.5 90
70 -0.03 -0.01 -0.02 0.01 0.00 -0.01 0.01 0.01 -0.02 -0.02 0.00 -0.01 0.01 0.01 0.01 0.00 0.02 0.01 -0.01 -0.02 -0.01 -0.04 -0.05 0.00 0.00 -0.01 -0.01 0.00 0.01 0.00 0.02 0.03 0.02 -0.02 0.00 0.01 0.00 0.01 -0.01 -0.01 0.02
70.5 -0.02 -0.04 -0.02 0.00 -0.01 -0.01 0.02 0.00 -0.01 0.00 0.01 0.00 0.01 0.03 0.02 0.01 0.03 0.03 0.00 0.01 0.02 -0.01 -0.03 0.00 -0.01 -0.02 -0.01 0.01 0.03 0.02 -0.03 0.03 0.01 -0.04 -0.04 0.01 0.00 0.02 0.00 0.00 0.02
71 0.00 -0.03 0.00 0.03 0.01 0.04 0.02 -0.01 0.01 0.01 0.00 -0.01 0.00 0.02 0.01 0.02 0.05 0.04 0.01 0.04 0.03 0.01 -0.01 0.00 -0.01 -0.02 -0.01 -0.01 0.03 0.04 0.02 0.01 -0.01 -0.02 -0.03 -0.01 -0.02 0.01 0.02 0.01 0.04
71.5 0.00 -0.01 -0.01 0.02 0.00 -0.03 -0.03 -0.02 -0.03 0.02 0.00 -0.05 -0.01 0.00 -0.02 -0.03 0.00 -0.01 0.01 0.01 0.00 0.01 0.01 0.00 0.01 0.01 -0.01 -0.01 0.02 0.04 0.05 0.01 0.01 0.00 -0.01 -0.02 -0.02 -0.01 0.00 -0.02 0.00
72 0.01 -0.02 -0.01 -0.02 0.00 -0.01 -0.01 0.00 -0.02 0.01 -0.03 -0.02 0.01 -0.01 -0.03 -0.01 -0.02 -0.03 0.02 0.01 0.01 0.02 -0.01 0.00 0.04 0.03 -0.01 0.00 0.01 0.03 0.02 0.01 0.00 -0.02 -0.02 0.00 -0.01 0.00 0.00 -0.02 -0.04
72.5 0.01 0.01 0.01 0.02 -0.01 0.05 0.00 0.00 0.01 0.02 0.00 0.00 -0.03 -0.01 -0.03 -0.07 -0.03 0.01 0.01 0.01 0.04 0.00 -0.01 -0.02 0.01 0.04 0.01 -0.01 0.00 0.02 0.03 0.01 -0.01 -0.02 -0.03 0.01 0.03 0.00 0.03 0.03 0.01
73 0.00 0.01 0.01 0.02 0.00 0.00 0.02 0.03 0.02 0.02 0.01 -0.02 0.00 -0.02 -0.04 -0.03 -0.02 -0.02 -0.03 0.00 -0.01 -0.04 -0.02 -0.01 -0.03 0.01 0.02 0.02 -0.01 0.02 0.04 0.03 0.02 0.01 0.02 0.04 0.02 -0.01 0.01 0.04 0.02
73.5 -0.01 0.01 0.01 0.01 0.00 0.00 -0.02 0.02 0.02 0.03 0.01 0.02 0.00 0.01 0.02 0.00 -0.01 -0.01 -0.01 -0.03 0.00 -0.02 -0.04 -0.01 -0.01 0.01 -0.01 -0.01 -0.01 0.03 0.04 0.02 0.02 0.03 0.03 0.02 0.00 0.00 0.02 0.03 0.04
74 0.02 0.03 0.02 -0.05 -0.03 0.00 -0.01 -0.02 -0.03 0.03 0.01 0.02 0.02 0.01 -0.01 0.00 0.02 0.00 -0.02 -0.02 -0.04 -0.04 -0.04 -0.05 0.01 0.01 0.01 -0.02 -0.02 0.03 0.06 0.03 0.01 0.04 0.02 -0.03 0.02 0.02 0.05 0.03 -0.01
74.5 -0.02 -0.01 0.03 0.00 0.01 -0.01 -0.03 -0.01 -0.01 -0.02 0.00 0.01 0.01 -0.01 -0.01 0.01 0.02 0.01 -0.02 -0.03 -0.03 -0.05 -0.05 -0.03 -0.01 0.01 0.00 -0.02 -0.01 0.04 0.05 0.01 0.01 0.00 0.00 -0.08 -0.03 0.02 0.04 -0.01 -0.07
75 -0.03 -0.01 0.01 0.01 0.00 -0.02 -0.04 -0.02 -0.01 -0.01 -0.03 0.00 0.01 -0.02 -0.01 0.01 0.02 0.01 -0.06 -0.08 -0.05 -0.03 -0.05 -0.03 -0.02 0.03 0.00 -0.01 -0.03 0.00 -0.02 -0.06 -0.05 -0.04 -0.13 -0.17 -0.11 -0.02 -0.05 -0.09 -0.06
75.5 -0.03 0.00 0.01 0.01 0.01 -0.07 -0.05 -0.04 -0.01 -0.02 -0.02 -0.01 0.00 -0.04 -0.04 0.00 0.02 0.02 -0.03 -0.06 -0.04 -0.05 -0.02 -0.01 0.00 0.03 0.04 0.00 -0.06 -0.09 -0.16 -0.21 -0.17 -0.17 -0.27 -0.28 -0.21 -0.15 -0.18 -0.12 -0.07
76 0.00 -0.01 -0.02 -0.02 -0.02 -0.05 -0.05 -0.03 -0.04 -0.05 -0.07 -0.04 -0.04 -0.03 -0.03 0.00 0.02 0.01 -0.02 0.00 -0.01 0.01 -0.02 -0.01 -0.03 -0.03 -0.03 -0.05 -0.14 -0.21 -0.26 -0.31 -0.33 -0.32 -0.40 -0.40 -0.37 -0.35 -0.32 -0.20 -0.03
76.5 -0.06 -0.02 -0.01 -0.02 -0.04 -0.05 -0.05 -0.03 -0.02 -0.03 -0.05 -0.02 -0.03 -0.02 -0.01 -0.01 -0.01 0.00 0.02 0.04 0.06 0.07 0.04 0.01 -0.06 -0.10 -0.13 -0.12 -0.23 -0.32 -0.38 -0.41 -0.44 -0.43 -0.48 -0.51 -0.46 -0.41 -0.37 -0.23 -0.10
77 -0.05 -0.02 0.01 -0.03 -0.02 -0.01 -0.04 -0.03 -0.01 0.01 -0.01 -0.01 -0.02 -0.02 -0.03 -0.04 -0.07 -0.05 0.02 0.07 0.08 0.08 0.11 0.02 -0.07 -0.13 -0.18 -0.19 -0.27 -0.38 -0.42 -0.45 -0.48 -0.49 -0.54 -0.55 -0.52 -0.44 -0.35 -0.24 -0.13
77.5 -0.07 -0.05 0.00 -0.01 0.00 0.02 -0.03 0.00 -0.02 0.00 -0.01 -0.01 -0.03 -0.03 -0.05 0.00 0.02 -0.02 0.00 0.02 0.09 0.12 0.12 0.01 -0.03 -0.12 -0.14 -0.25 -0.37 -0.41 -0.40 -0.43 -0.48 -0.50 -0.55 -0.53 -0.50 -0.46 -0.41 -0.27 -0.15
78 -0.08 -0.02 -0.03 0.03 0.01 0.00 -0.01 -0.04 -0.03 -0.03 0.01 0.00 -0.05 -0.03 0.01 0.03 0.02 0.01 0.03 0.08 0.14 0.19 0.13 0.07 -0.04 -0.10 -0.17 -0.33 -0.35 -0.38 -0.42 -0.51 -0.53 -0.56 -0.58 -0.58 -0.52 -0.47 -0.41 -0.32 -0.23
78.5 -0.05 -0.01 0.01 0.00 0.04 0.01 0.01 -0.02 -0.04 -0.03 0.00 0.01 -0.03 -0.03 -0.01 0.03 0.00 0.03 0.11 0.20 0.16 0.31 0.30 0.20 0.07 0.01 -0.13 -0.27 -0.33 -0.37 -0.44 -0.48 -0.51 -0.57 -0.59 -0.58 -0.54 -0.47 -0.42 -0.36 -0.31
79 -0.03 0.02 -0.03 0.03 0.01 0.04 0.02 0.00 0.01 0.03 0.01 -0.03 -0.02 -0.01 0.00 -0.02 -0.04 0.04 0.19 0.22 0.17 0.36 0.43 0.29 0.14 0.05 -0.10 -0.22 -0.27 -0.35 -0.39 -0.41 -0.45 -0.51 -0.55 -0.58 -0.55 -0.45 -0.44 -0.41 -0.38
79.5 -0.03 0.01 -0.02 0.01 0.03 0.10 0.06 0.01 0.03 0.04 0.03 -0.01 0.00 -0.01 0.01 0.00 -0.03 0.05 0.16 0.22 0.20 0.31 0.45 0.37 0.28 0.16 0.04 -0.04 -0.16 -0.29 -0.34 -0.35 -0.40 -0.46 -0.50 -0.54 -0.54 -0.51 -0.54 -0.49 -0.47
80 -0.02 -0.02 0.01 0.02 0.06 0.07 0.05 0.04 0.06 0.05 0.03 0.02 -0.01 0.00 0.02 -0.01 -0.01 0.00 0.08 0.15 0.19 0.28 0.41 0.45 0.38 0.28 0.21 0.15 0.02 -0.18 -0.29 -0.34 -0.37 -0.42 -0.47 -0.49 -0.50 -0.50 -0.55 -0.57 -0.55
80.5 -0.01 -0.01 0.00 0.01 0.02 0.03 0.03 0.02 0.01 0.02 0.03 0.03 -0.01 -0.01 0.01 -0.05 -0.01 0.01 0.03 0.12 0.17 0.17 0.27 0.40 0.36 0.30 0.40 0.30 0.14 -0.04 -0.17 -0.24 -0.27 -0.32 -0.32 -0.37 -0.35 -0.39 -0.45 -0.53 -0.56
81 -0.01 -0.03 -0.02 0.01 0.01 0.00 -0.01 -0.02 -0.01 -0.01 -0.01 0.02 -0.01 -0.01 0.00 0.00 -0.02 0.00 0.03 0.06 0.14 0.10 0.14 0.29 0.29 0.25 0.42 0.36 0.22 0.05 -0.09 -0.17 -0.20 -0.19 -0.17 -0.17 -0.16 -0.19 -0.31 -0.45 -0.51
81.5 -0.02 -0.03 0.01 0.01 0.01 -0.02 -0.06 -0.05 0.00 0.00 0.00 -0.01 -0.03 -0.04 -0.02 0.04 0.03 0.05 0.02 0.03 0.10 0.15 0.16 0.18 0.20 0.30 0.41 0.36 0.26 0.10 -0.04 -0.16 -0.18 -0.11 -0.10 -0.09 -0.03 -0.04 -0.19 -0.33 -0.42
82 -0.03 -0.01 0.01 0.04 -0.02 -0.05 -0.07 -0.05 0.00 -0.04 -0.01 -0.01 -0.04 -0.04 0.00 0.05 0.06 0.03 0.02 0.04 0.16 0.22 0.18 0.18 0.22 0.42 0.46 0.39 0.29 0.13 -0.03 -0.14 -0.16 -0.11 -0.10 -0.10 -0.01 0.00 -0.03 -0.21 -0.30
82.5 -0.09 -0.03 -0.02 0.01 0.00 -0.04 -0.03 -0.03 0.02 0.01 -0.03 -0.02 -0.02 -0.03 0.03 0.07 0.08 0.06 0.05 0.03 0.08 0.22 0.22 0.19 0.32 0.60 0.56 0.44 0.36 0.17 0.01 -0.12 -0.16 -0.09 -0.09 -0.18 -0.10 -0.02 -0.02 -0.16 -0.27
83 -0.12 -0.05 -0.02 0.00 0.00 -0.03 -0.03 -0.02 0.00 0.00 -0.05 -0.07 -0.02 0.02 0.06 0.12 0.13 0.13 0.10 0.06 0.11 0.22 0.25 0.21 0.27 0.61 0.63 0.60 0.43 0.23 0.09 -0.03 -0.09 -0.06 -0.03 -0.14 -0.13 -0.05 -0.03 -0.14 -0.28
83.5 -0.10 -0.05 0.00 -0.03 -0.02 -0.03 -0.03 -0.01 0.00 0.00 0.00 -0.04 -0.02 0.08 0.11 0.15 0.17 0.15 0.15 0.10 0.09 0.23 0.25 0.22 0.28 0.53 0.69 0.69 0.48 0.29 0.18 0.10 -0.03 -0.05 -0.06 -0.11 -0.12 -0.07 -0.06 -0.12 -0.21
84 -0.06 -0.04 0.00 -0.01 -0.02 -0.03 -0.03 0.00 -0.01 -0.01 -0.01 -0.02 0.02 0.03 0.11 0.11 0.14 0.11 0.15 0.11 0.16 0.27 0.22 0.21 0.22 0.40 0.67 0.69 0.49 0.32 0.25 0.21 0.03 -0.08 -0.08 -0.11 -0.14 -0.11 -0.10 -0.12 -0.16
84.5 -0.08 -0.05 -0.01 -0.01 -0.06 -0.06 -0.07 -0.02 -0.03 -0.07 -0.05 -0.01 0.03 0.04 0.02 0.07 0.11 0.12 0.08 0.06 0.09 0.28 0.24 0.23 0.20 0.28 0.56 0.59 0.40 0.28 0.25 0.24 0.11 -0.07 -0.13 -0.15 -0.16 -0.18 -0.21 -0.19 -0.22
85 -0.02 0.00 -0.01 -0.04 -0.06 -0.02 0.00 0.03 -0.02 -0.06 -0.05 0.00 0.03 0.03 0.00 0.06 0.11 0.13 0.11 0.07 0.10 0.22 0.23 0.24 0.21 0.27 0.45 0.44 0.38 0.25 0.19 0.21 0.11 -0.09 -0.15 -0.19 -0.24 -0.26 -0.28 -0.27 -0.30
85.5 0.00 0.02 0.01 -0.01 -0.01 -0.01 0.03 0.03 -0.04 -0.07 -0.07 -0.01 0.03 0.03 0.03 0.08 0.09 0.13 0.12 0.10 0.07 0.15 0.17 0.16 0.20 0.26 0.38 0.41 0.33 0.27 0.17 0.14 0.05 -0.11 -0.17 -0.21 -0.27 -0.31 -0.30 -0.32 -0.41
86 0.01 0.01 0.02 0.01 -0.03 0.00 0.01 0.02 -0.07 -0.07 -0.03 0.02 0.02 0.06 0.06 0.08 0.11 0.13 0.11 0.08 0.05 0.10 0.10 0.12 0.19 0.23 0.38 0.42 0.34 0.29 0.17 0.10 0.00 -0.15 -0.18 -0.24 -0.30 -0.35 -0.32 -0.35 -0.42
86.5 -0.01 -0.01 0.00 0.02 0.00 -0.01 0.01 0.02 -0.02 -0.02 0.00 0.00 0.03 0.06 0.12 0.11 0.14 0.18 0.19 0.09 0.04 0.09 0.09 0.11 0.18 0.22 0.32 0.38 0.33 0.27 0.18 0.08 -0.05 -0.19 -0.22 -0.29 -0.36 -0.40 -0.39 -0.40 -0.47
87 0.03 0.02 0.00 0.02 0.04 0.04 -0.02 -0.03 -0.02 0.02 0.04 0.00 0.02 0.05 0.10 0.11 0.11 0.13 0.16 0.11 0.05 0.08 0.05 0.10 0.14 0.23 0.30 0.35 0.32 0.27 0.21 0.05 -0.12 -0.25 -0.30 -0.41 -0.47 -0.50 -0.50 -0.51 -0.55
87.5 0.03 0.03 0.02 0.00 0.02 0.03 0.01 0.01 0.02 0.02 0.03 0.02 0.03 0.04 0.06 0.06 0.06 0.05 0.09 0.06 0.04 0.08 0.08 0.11 0.17 0.27 0.35 0.33 0.32 0.26 0.18 -0.02 -0.21 -0.28 -0.36 -0.49 -0.56 -0.58 -0.59 -0.58 -0.58
88 -0.03 0.01 0.00 0.00 -0.01 0.01 0.02 0.02 0.04 0.04 0.05 0.01 0.04 0.03 0.03 0.06 0.09 0.10 0.11 0.09 0.07 0.06 0.08 0.18 0.20 0.21 0.30 0.35 0.28 0.22 0.12 -0.05 -0.26 -0.33 -0.40 -0.54 -0.60 -0.61 -0.60 -0.56 -0.58
88.5 -0.07 0.00 -0.05 -0.03 -0.02 0.01 0.01 0.03 0.05 0.03 0.04 0.05 0.02 0.00 0.03 0.09 0.12 0.14 0.12 0.12 0.07 0.04 0.11 0.14 0.15 0.16 0.23 0.30 0.21 0.17 0.08 -0.02 -0.21 -0.32 -0.41 -0.51 -0.54 -0.55 -0.54 -0.51 -0.51
89 -0.06 -0.03 -0.02 -0.04 -0.05 -0.01 -0.01 -0.01 -0.01 -0.02 -0.01 0.00 0.04 0.04 0.05 0.09 0.11 0.13 0.13 0.09 0.05 0.05 0.09 0.10 0.09 0.13 0.18 0.20 0.18 0.16 0.12 0.03 -0.10 -0.20 -0.32 -0.37 -0.39 -0.42 -0.40 -0.35 -0.38
89.5 0.01 0.02 0.01 -0.06 -0.09 -0.08 -0.07 -0.10 -0.11 -0.10 -0.16 -0.02 -0.01 0.07 0.07 0.09 0.07 0.10 0.11 0.05 0.01 0.02 0.07 0.07 0.06 0.08 0.15 0.21 0.17 0.19 0.19 0.12 0.05 -0.05 -0.18 -0.23 -0.25 -0.27 -0.28 -0.22 -0.24
90 0.10 0.09 0.01 -0.07 -0.12 -0.13 -0.16 -0.20 -0.19 -0.18 -0.18 -0.11 -0.02 0.05 0.05 0.04 0.03 0.03 0.05 0.03 0.01 0.01 0.06 0.03 -0.02 0.04 0.11 0.16 0.14 0.19 0.27 0.24 0.18 0.06 -0.05 -0.08 -0.11 -0.15 -0.15 -0.10 -0.10
asperity height deviation Δzij (mm)
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3D Scanned of RSR Joint before and after Shear Test 
For the RSR joint (JRC = 10.4), Figure B1 shows the change in joint surface morphology due to shearing at an initial normal stress of 1.6 MPa under CNS 
condition. Asperity damage was observed where the surface height was reduced (i.e. negative height difference) while accumulationof gouge was observed 
where the surface height was increased (i.e. positive height difference). 
 
Figure B1. Comparison of the surface of RSR joint (JRC = 10.4) specimen before and after shearing (σn0 = 1.6 MPa): (a) before shearing, (b) after 
shearing, (c) differences in surface height. All scales are in mm. 
